BIRLA CENTRAL LIBRARY ’' 
PILANi iR.MAWi^N] i 


Hrul No. CSS ^ M- 7— I 

CPS.ion No S *2-.-. 





THE FINE STRUCTURE OF MATTER 
Part II 

MOLECULAR POLARIZATION 



A COMPREHENSIVE TREATISE ON ATOMIC 
AND MOLECULAR STRUCTURE 

By C. H. DOUGLAS CLARK 


VOLUME I. 

THE ELECTRONIC STRUCTURE 
AND PROPERTIES OF MATTER 

An Introductory Study of certain Properties of Matter in the Idght of Atomic 

Numbers. 

CONTENTS : Part I.— General Introduction. The C'lassification of the 
Elements—The Classification of Atomic Electrons—Line Spectra and Multi¬ 
plicity—The Transitional and Rare Earth Elements—Valency and Chemical 
Combination. Part II.— Physical J Properties and Molecular Consti¬ 
tution. Melting-Points and Boiling-Points—Atomic and Molecular Volumes 
—Atomic and Ionic Radii—Electrical Conductivity—Magnetic Susceptibility 
—Atomic Magnetic Moments—Cohesional and Other Proj^erties, 

VOLUME II. (IN THREE PARTS ISSUED SEPARATELY) 

THE FINE STRUCTURE OF MATTER 

The Rearing of Recent Work on Crystal Structure, Polarization and Line 

Spectra. 

CONTENTS : Part 1.—X-Rays and the Structure of Matter. vSpace 
Lattices and X-Rays—The Crystal Structure of Elements—The Crystal Struc¬ 
ture of Inorganic Compounds of Type AB—The Crystal Structure of Inorganic 
Compounds of Type AB,—The Crystal Structure of Compounds of further 
Inorganic Types—The Crystal Structure of Compounds of Organic Types—■ 
Tlie Crystal Structure of Colloids and Amorphous Substances—The Crystal 
Structure of Alloys, Intcrmetallic Compounds and Solid Solutions—Crystal 
Structure and Molecular Constitution. Part II. —Molecular Polar¬ 
ization. Dielectric Constants—The Debye Theory of Polarization—Mole¬ 
cular Refraction—Polar Molecules—Molecular Fields. Part III.— The 
Quantum Theory and Line Spectra. The Quantum Theory—The General 
Principles of Line Spectra—The Multiple Structure of Lines—Line Spectra 
and the Periodic System, 

VOLUME III. IN PREPARATION 

THE INTERPRETATION 
OF BAND SPECTRA 

An Account of Spectroscopic Investigation in the Field of Molecular Structure. 
CONTLCNTS : I*art I.— Molecular Spectra. Molecular Energy Levels— 
Pure 'Rotation and Vibration-Rotation Spectra—Electronic Bands—Disso¬ 
ciation and Predissociation—Mechanism of Chemical Reaction—Homopolar 
Valency and the Solectronic Configuration of Molecules—Experimental 
Results in the Infra-Red—Experimental Results in the Visible and Ultra- 
Violet Regions—Isotopes and Nuclear Structure. Part II. — The Raman 
Effect. Scattering Phenomena—Atomic Linkages and Molecular Fre¬ 
quencies. Part III. —Introduction to Quantum Mechanics. Quantum 
Mechanics and Molecular Structure—Matrix and Wave Mechanics—Achieve¬ 
ments of Quantum Mechanics—Some Outstanding Problems—The Human 
Value of the New Physics. 


CHAPMAN & HALL, LTD., II, HENRIETTA STREET, STRAND, LONDON, W.C.2 











THE FINE STRUCTURE 
OF MATTER 

The Bearing of Recent Work on Crystal Structure, 
Polarization and Line Spectra 
Being 

VOLUME II 

of 

A COMPREHENSIVE TREATISE OF ATOMIC 
AND MOLECULAR STRUCTURE 

PART II: 

MOLECULAR POLARIZATION 

BY 

C. H. DOUGLAS CLARK 

D.SC., A.R.C.S., A.I C., D I.C. 

Assistant Lecturer in Inorganic Chemistry in the University of Leeds 


WITH 124 FIGURES IN THE TEXT 



LONDON 

CHAPMAN AND HALL LTD. 

II HENRIETTA STREET, W.C,2 



First published 
1938 
by 

Chapman & Hall Ltd. 
II Henrietta Street 
London 
W.C.2 


Printed in Great Britain by 
Mackays Ltd., Chatham. 

Boitnd by G. dv J. Kitcat, Lid., 
London. 

Flcxihack Binding, Patent No. 441294. 



MY MOTHER 




CONTENTS 


h'or the convenience of the reader the fnll list of contents of Volume JI is given 
here. It should, however, he noted that each Part is issued separately. 


PAGE 

General Preface ... ... ... ... ... ... ... xix 

Preface to Volume 11 ... ... ... ... ... ... ... xxi 

List of Tables ... ... ... ... ... ... ... ... xxv 

T.isx OF Symbols ... ... ... ... ... ... ... ... xxvii 

Llst of Abbreviations Used in Kefekences ... ... ... xxxi 


PART I 

X-RAYS AND THE STRUCTURE OK M.M'TJ.R 
CHAPTEJi I 

Sl’AC'E-LATllOES AND X-KAVS 


1. The Conceplioii of the Space-Lattice ... ... ... i 

(A) The Seven Systems of Crystal ArchitectuH; ... ... i 

(B) The Symmetry of Actual Crystals ... ... ... 3 

(C) The 230 Space-Groups ... ... ... ... ... 5 

(D) The Law of Pational Intercepts ... ... ... ... 9 

(E) The Law of iGitional Indices ... ... ... ... 10 

2. X-Kays and Crystal Structure ... ... ... ... ... 12 

Appendix to Chapter 1 : Hexagonal and Rhombohedral Axes ... 14 

References (I) ... ... ... ... ... ... ... 15 


CHAPTER TT 

THE CRYSTAL STRUCTURE OF ELEMENTS 


3. The Cla.ssification of A Types ... ... ... ... . iQ 

(A) Cubic and Hexagonal Close-Packing ... ... ... 20 

(B) Types Ai to All ... ... ... ... ... ... 21 

(a) Ai Type (Face-Centred Cubic) ... ... ... 21 

(b) A2 Type (Cube-Centred Cubic) ... ... ... 23 

(c) A3 Tyj)e (Hexagonal Close-Packing) . 23 

(d) A4 Type (Diamond) . 23 

(e) A5 to A8, Aio and An Types. 25 

(f) A9 Type (Graphite) ... ... ... ... ... 25 

(C) Unclas.sified Cases, Ax Type ... ... ... ... 28 

(D) Crystal Structure and the Periodic Classification ... 29 

References (II) . 31 

vii 


















CONTENTS 


CHAPTER III 

THE CRYSTAL STRUCTURE OF INORGANIC COMPOUNDS OF TYPE Ali 

PAGE 

4. The Classification of B Types. 33 

(A) Types Bi to B13 ... ... ... ... ... ... 33 

(a) Bi Type (Sodium Chloride) ... ... . 33 

(b) B2 Type (Caesium Chloride) ... ... ... ... 34 

(c) B3 Tjrpc (Zinc Blende) ... ... ... ... 3 ^ 

(d) B4 Type (Wurtzite) ... ... ... ... ... 3 ^ 

(e) B5. B6 and B7 Types. 4 ^ 

(f) B 8 Type (Nickel Arsenide) ... ... ... ... 41 

(g) Bp Type (Cinnabar) ... ... ... ... ... 41 

(h) Bio and Bii Types ... ... ... ... ... 4 ^ 

(i) Bi 2 Type (Boron Nitride) ... ... ... ... 44 

(j) B13 Type (Millerite) ... ... ... ... ... 44 

(B) Unclassified Cases, Bx Type ... ... ... ... 45 

(C) Summary of AB Types ... ... ... ... ... 48 

References (III) . 4 ^ 

CHAFTliK 1 \’ 

'J'HE CRYSTAL STRUCTURE OF INORGANIC CO.MPOUNDS OF TYi'E ABj 

5. The CJassification of C Types ... ... ... ... ... 30 

(A) Types CT to Ci<) ... ... ... ... ... ... 51 

(a) Ci Type (Iduor-spar) ... ... ... ... ... 51 

(b) C2 Type (Iron Pyrites) ... ... ... ... 31 

(c) C3 Type (Cuprous Oxide) ... ... ... ... 53 

(d) C4 Type (Rutile) ... ... ... ... ... 3b 

(c) C5 Type (Anatasc) ... ... ... ... ... 57 

(f) C6 Type (Cadmium Iodide) ... ... ... ... 37 

(g) C7 Type (Molybdenite) ... ... ... ... 60 

(h) C8 Type () 3 -Quartz) . ... ... ... 62 

(i) Cp Type () 5 -Cristobalite) ... ... ... ... 63 

(j) Cio Type () 3 -Tridymite) ... ... ... ... 63 

(k) CiI Type (Calcium Carbide) ... ... ... ... 04 

( l ) C12 to C18 Types . ... ... ... 65 

(m) Cip Type (Cadmium Chloride) ... ... ... bO 

(B) Unclassified Cases, Cx Type ... ... ... ... 6p 

(C) Summary of AB, Types . 69 

References (IV) . bp 

CHAPTER V 

THE CRYSTAL STRUCTURE OF COMPOUNDS OF FURTHER INORGANIC TYPES 

6. Compounds containing Three Different Atoms in the Molecule 72 

7. Compounds containing Four Atoms in the Molecule . 73 

viii 
















Contents 


PAGS 


8. Compounds containing Five Atoms in the Molecule .. ... 75 

9. Compounds containing Six Atoms in the Molecule ... ... 81 

10. Compounds containing Seven Atoms in the Molecule ... ... 8i 

11. Compounds containing Eight Atoms in the Molecule ... ... 84 

12. Compounds containing more than Eight Atoms in the Molecule 85 

References (V) . 92 

CHAl^TER VI 

THE CRYSTAL STRUCTURE OF COMPOUNDS OF ORGANIC TYPES 

13. Acyclic Compounds ... ... ... ... ... ... ... 96 

(A) Inorganic Compounds with Substituted Organic Radicals 9b 

(B) Symmetrical Derivatives of Methane ... ... ... 97 

(C) Unsymmetrical Derivatives of Methane without Long- 

Chain Character ... ... ... ... ... ... 97 

(D) Short Chains with Central C-C Symmetry ... ... 97 

(K) Short Chains without Central C-C Symmetry ... ... 98 

(F) Long Chains ... ... ... ... ... ... ... 99 

(a) Normal Paraffin Hydrocarbons ... ... ... 99 

(b) Normal Alcohols ... ... ... ... ... 100 

(c) Fatty Acids and their Salts ... ... ... ... 101 

(1) Saturated Monobasic Acids ... ... ... loi 

(2) Unsaturated Monobasic Acids ... ... ... 102 

(3) Dibasic Acids of the Succinic and Alkyl-Malouic 

Series . 102 

(d) Esters of (i) Monobasic, (2) Dibasic Acids ... ... 103 

(c) Monobasic Acid Amides ... ... ... ... 103 

(f) Ketones ... ... ... ... ... ... 103 

(g) Dihydrazides ... ... ... ... ... ... 103 

14. Cyclic Compounds ... ... ... ... ... ... ... 104 

(A) Carbocyclic Division ... ... ... ... ... 104 

(a) Compounds having One Benzene Nucleus ... ... 104 

(b) Compounds having Two or more Benzene Nuclei 

(Dneondensed). ... ... ... 106 

(c) Compounds having Condensed Nuclei ... ... 106 

(d) Derivatives of Cyclohexane ... ... ... ... 107 

(B) Heterocyclic Division ... . ... ... 109 

References (VI) . 119 


CHAPTER VII 

THE CRYSTAL STRUCTURE OF COLLOIDS AND AMORPHOUS SUBSTANCES 


15. Amorphous, Disperse and Mesomorphic Phases . 122 

(A) Amorphous Substances . 122 

(B) Colloidal Solutions. 124 

(C) Mesomorphic States. 124 

(D) Liquid Crystals . 126 


IX 















CONTENTS 


PAGE 

16. The Liquid State . ... . 129 

(A) Water and Aqueous Solutions . ... ... 129 

(B) Other Inorganic Liquids ... . . 130 

(C) Organic Liquids . 130 

17. Fibre Structures . ... ... i 34 

(A) Rubber and related Substances . 134 

(B) Cellulose and related Cases ... ... ... ... ... 135 

(C) Proteins . ... ... ... ^39 

(D) Other Complex Types . 143 

References (VII) ... ... ... ... ... ... ... 145 

CHAPTP:R VIII 

THE CKY.STAL STRUCTURE OF AIXOYS, INTERMETALUC COMPOUNDS AND 
SOLID SOLUTIONS 

18. Solid Solutions of Metals ... ... ... ... ... ... 149 

19. Intcrmetallic Compounds ... ... ... ... ... ... 155 

(A) Alloys of Group A ... ... ... ... ... ... 155 

(B) Alloys of Group B . ... ... ... 156 

(a) Heusler Alloys ... ... ... ... ... ... 156 

(b) Alloys of the Brass Type ... ... ... ... 157 

(c) The Hume-Rotbery Rule ... ... ... ... 158 

(d) Amalgams . ... ... ... 101 

(e) Alloy Phases . ... ... ... 161 

(C) Alloys of Group C ... ... ... ... ... ... 161 

(D) Alloys of Group D ... ... ... ... ... ... 162 

(E) Alloys of Group E ... ... ... ... ... ... 162 

(F) Alloys of Group F ... ... ... ... ... ... 1O2 

(G) General ...’ . ... ... 165 

20. Interstitial Alloys ... ... ... ... ... ... ... lOO 

(A) General ... ... ... ... ... ... ... iGG 

(B) Steel ... ... ... ... ... ... ... ... 1G6 

(C) Other Interstitial Alloys . ... ... ... 167 

(D) Absorption of Hydrogen by Metals ... ... ... 1G8 

21. The Mechanical Distortion of Crystal Structure ... ... ... 169 

(A) Cold Working of Metals . ... ... ... 169 

(A) Recrystallization after Distortion ... ... ... ... 170 

(C) Inorganic Crystals. ... ... ... 171 

22. Other Applications of X-Rays . 171 

(A) Non-metallic Solid Solutions ... ... ... ... 171 

(B) Qualitative and Quantitative Chemical Analysis ... 174 

(a) By Characteristic X-Rays excited by Cathode Rays 174 

(b) By Secondary X-Ray Emission ... ... ... 174 

(c) By X-Ray Absorption Spectra . 175 

(d) General. 175 

(C) Determination of Particle Size and Arrangement ... 176 

(D) Further Applications of X-Rays. 176 

X 












CONTENTS 

PAGE 


Appendix to Chapter VIII : Mosaic and Secondary Structure ... 177 

References (VIII). 178 

CHAPTER IX 

CRYSTAL STRUCTURE AND MOLECULAR CONSTITUTION 

23. The Classification of Crystals ... ... ... ... ... 183 

24. Leading Characteristics of Crystal Types ... ... ... ... 186 

(A) Metallic Crystals ... ... ... ... ... ... 186 

(B) Adamantine Crystals ... ... ... ... ... 187 

(C) Ionic Crystals . ... . 188 

(D) Molecular Crystals. 192 

25. The I'actors affecting Crystal Structure ... ... ... ... 193 

(A) The Number of Atoms in the Molecule ... ... ... 193 

(B) The Sizes of the Crystal Units ... ... ... ... 194 

(C) The Polarizabilities of the Crystal Units ... ... ... 203 

Appendix to Chapter IX : limiting Radius Ratios for Different 

Co-ordination Numbers ... ... ... ... ... ... 207 

References (IX) . 209 

Ax)pendix to Fart I ; Atomic Structure Factors ... ... ... 211 

References to Appendix to Fart I ... ... ... ... ... 214 


PART II 


MOLECULAR POLARIZATION 
CHAPTER X 

DIELECTRIC CONSTANTS 

26. General Theory : the Dielectric Constants of Gases ... ... 217 

27. The Dielectric Constants of Liquids ... ... ... ... 223 

(.\) Pure Liquids... . . ... 223 

(a) Inorganic Substances ... ... ... ... ... 223 

(b) Organic Substances . 223 

(c) Influence of Conditions ... ... ... ... 227 

(B) Liquid Mixtures ... ... ... ... ... ... 229 

(C) Aqueous Solutions. 232 

(a) Electrolytes ... . ... ... 232 

(b) Non-electrolytes 235 

(D) Non-Aqueous Solutions . 236 

(a) Dissolved Gases... ... ... ... ... ... 236 

(b) Dissolved Solids . 236 

(E) Colloidal Solutions . . ... ... 240 

(F) Liquid Crystals . 243 

xi 



























CONTENTS 


PAGE 

28. The Dielectric Constants of Solids. . 244 

(A) Experimental Data. 244 

(a) Inorganic Substances ... ... ... ... ... 244 

(b) Organic Substances ... . 245 

(B) Influence of Conditions ... . . 245 

(C) Additivity Rules ... ... ... ... ... ... 247 

(D) Nature of Dielectric Polarization in Solids ... ... 248 

References (X) . 249 


CHAPTER XI 

THE DEBYE THEORY OF POLARTZATION 

29. The Clausius-Mosotti Function ... ... ... ... ... 255 

30. Evidence for Permanent Molecular Moment ... ... ... 260 

(A) Polarization and Refractivnty ... ... ... ... 260 

(B) Polarization and True Molecular V^ohime ... ... 265 

(C) Polarization and Temperature ... ... ... ... 267 

31. The Parts of Molecular Polarization ... ... ... ... 270 

(A) Iriectron Polarization ... ... ... ... ... 271 

(B) Atom Polarization ... ... ... ... ... ... 272 

(C) Orientation Polarization ... ... ... ... ... 272 

References (XI) . . ... ... 275 

CHAPTER XII 

MOLECULAR REFRACTION 


32. The Rule of Additivity ... ... ... ... ... ... 280 

33. Influence Factors on Deformation. 286 

(A) Influence of Nuclear Charge ... ... ... ... 286 

(B) Influence of Atomic Size ... ... ... ... ... 287 

(C) Influence of Electron Sheath ... ... ... ... 289 

(D) Influence of Number of Anions ... ... ... ... 291 

(E) Influence of Crystal Structure ... ... ... ... 292 

34. Applications of Refractivity Data ... ... ... ... ... 295 

(A) The Alkali Halides ... ... ... ... ... ... 295 

(B) Compounds containing Polyvalent Inert Gas Type Ions 302 

(C) Organic Compounds ... ... ... ... ... 304 

(D) Refraction of Complex Groups ... ... ... ... 305 

(a) Groups containing Oxygen ... ... . 305 

(b) Groups containing Hydrogen ... ... ... ... 306 

(c) Contrapolarization ... ... ... ... ... 311 

35. Refraction and Physical Properties. . 311 

(A) Deformation and Solubility... ... ... ... ... 311 

(B) Refraction and Ionic Dissociation ... ... ... ... 314 

(a) Acids and Bases . **• ... 314 

(b) Salts ... ... ... ... ... ... ... 317 

xi] 








CONTENTS 


PAGE 


(C) Refraction and Absorption ... 

. 322 

(D) Refraction and Dispersion ... 

. 325 

(E) Refraction and Atomic Linkages ... 

. 325 

References (XII) 

. 327 


CHAPTER XIII 

POLAR MOLECULES 

36. Measurement of Permanent Electric Moment ... ... ... 330 

(A) Temperature Variation Method ... ... ... ... 330 

(B) Optical Frequency Method ... ... ... ... ... 332 

(C) Solid Dielectric Method ... ... ... ... ... 333 

(D) Other Methods ... ... ... ... ... ... 334 

37. Typical Results on Solutions ... ... ... ... ... 335 

(A) Benzene and Ethyl Ether Mixtures ... ... ... 335 

(B) Benzene and Chlorobenzene Mixtures ... ... ... 337 

(C) Benzene and Ethyl Alcohol Mixtures ... ... ... 338 

(D) Solvent Influence ... ... ... ... ... ... 340 

38. Dipole Moments of Acyclic Organic Compounds ... ... ... 341 

(A) Hydrocarbons ... ... ... ... ... ... 341 

(B) Symmetrical Derivatives of Methane (CR4 Type) ... 341 

(C) Compounds containing Halogens ... ... ... 342 

(D) Alcohols, Mercaptans, Ethers and Thioethers ... ... 347 

(E) Acids and Esters ... ... ... ... ... ... 349 

(F) Compounds containing Nitrogen ... ... ... ... 351 

(G) Triglyceride Oils ... ... ... ... ... ... 352 

39. Dipole Moments of Cyclic Organic Compounds ... ... ... 353 

(A) Carbocyclic Division ... ... ... ... ... 353 

(a) Group and Link Moments ... ... ... ... 353 

(b) Substituted Derivatives of Methane ... ... ... 355 

(c) Compounds containing One Benzene Ring ... ... 356 

(i) Benzene and its Monoderivatives ... ... 356 

(ii) Di-derivatives of Benzene ... ... ... 358 

(iii) liigher Derivatives of Benzene ... ... ... 366 

(d) Diphenyl and related Compounds ... ... ... 367 

(e) Naphthalene and its Derivatives ... ... ... 371 

(f) Organo-metallic Compounds. ... ... 373 

(g) Other Ring Systems . 373 

(B) Heterocyclic Division ... . . 376 

(a) Compounds containing Oxygen or Sulphur ... ... 376 

(b) Compounds containing Nitrogen ... ... ... 377 

40. Dipoles and Association . 379 

(A) Pure Substances . . . 379 

(B) Liquid Mixtures . 382 

(C) Tlieories of Dipole Association . 387 

xiii 
















CONTENTS 


PAGE 

41. Dipoles and Adsorption . 391 

42. Dipole Moments of Inorganic Compounds ... ... ... 397 

(A) The Hydrogen Halides, Hydrogen Cyanide and Cyanogen 397 

(B) Carbon Monoxide and Derivatives 400 

(C) Water and Hydrogen Peroxide ... ... ... ... 401 

(D) Hydrogen Sulphide. 404 

(E) Carbon Dioxide ... . ... ... . 404 

(F) Nitrogen Oxides . . ... 404 

(G) Sulphur Dioxide ... ... ... ... ... ... 405 

(H) Ammonia and Hydrazine ... ... ... ... ... 405 

(J) Phosphine and Arsine ... ... ... ... ... 405 

(K) The Halogens and Non-hydride Halides ... ... ... 406 

(L) Silver and Lithium Perchlorates ... ... ... ... 409 

(M) Cases of Zero Moment ... ... ... ... ... 409 

43. Dipoles and the Kerr Effect ... ... ... ... ... 410 

(A) General and Theoretical Results ... ... ... ... 410 

(B) Results on Gases ... ... ... ... ... ... 414 

(C) Results on Liquids ... ... ... ... ... ... 418 

(D) Results on .Solids ... ... ... ... ... ... 423 

(E) The Cotton-Mouton Effect ... ... ... ... 423 

(F) Conclusion ... ... ... ... ... ... ... 424 

References (XIIT). 426 


CHAPTER XTV 

MOLECULAR FIELDS 


44. Historical Introduction ... ... ... ... ... ... 434 

45. Attractive and Repulsive Fields ... ... ... ... ... 435 

46. Applications ... ... ... ... ... ... ... ... 438 

47. Note on the New Quantum Mechanics ... ... ... ... 442 

References (XIV). 444 

Appendix to Part II : Potential Energies of Dipole Systems ... 448 

(1) General ... .. ... ... ... 448 

(2) Ion and Dipole ... ... ... ... ... ... 449 

(a) liigid Dipole . 449 

(b) Induced Dipole. ... ... ... 450 

{3) Two Dipoles in Line ... ... ... ... ... ... 450 

(4) The Water Molecule ... ... ... ... ... 452 

(5) The Ammonia Molecule .. 455 

(6) Two Equal Dipoles set at an Angle B . 455 

(7) Three Equal Dipoles set at an Angle 0 .. ... 456 

(8) Example of Calculation of Moment ... . 456 

List of Authors cited in References . facing p. 458 

Subject Index . Ixi 

xiv 






















CONTENTS 


PART III 

THE QUANTUM THEORY AND LINE SPECTRA 


CHAPTER XV 

THE QUANTUM THEORY PAGE 

48. Interaction between Matter and Energy ... ... ... ... 459 

(A) The Photoelectric Effect ... ... ... ... ... 461 

(B) The Fluorescent Effect ... ... . ... 461 

(C) The Compton Effect ... ... ... ... ... 461 

(D) The Raman Effect. ... ... . 461 

49. Electron Waves ... ... ... ... ... ... ... 462 

(A) Electrons causing Ionization ... ... ... ... 463 

(B) Electrons giving rise to Radiation ... ... ... 463 

50. The Wave-Length Scale ... ... ... ... ... ... 464 

51. Temperature Radiation ... ... ... ... ... ... 467 

52. Classification of Optical Spectra ... ... ... ... ... 470 

53. Genesis of Spectra ... ... ... ... ... ... ... 471 

References (XV) . 474 


CHAPTER XVI 

THE GENERAL PRINCIPLES OF LINE-SPECTRA 


54. The Bohr Theory for One Extranuclear Elec tron ... ... 477 

35. Sommerfeld’s Extension to Elliptic Orbits ... ... ... ... 484 

56. The Correspondence Principle ... ... ... ... ... 488 

57. Scries Spectra of the Alkali Metals ... ... ... ... ... 4Q0 

(A) Empirical Formulae ... ... ... ... ... 490 

(B) Sharp, Principal, Diffuse and Fundamental Series ... 491 

(C) Azimuthal and Serial Quantum Numbers ... ... 497 

(D) Principal Quantum Numbers ... . ... 501 

(E) Enhanced Spectra and Isoelect ionic Groups ... ... 508 

(F) Broadening and Displacement of Lines ... ... ... 512 

(a) Doppler Effect. ... . 512 

(b) Natural Breadth of Lines ... ... . 512 

(c) Collision Damping . 512 

(d) Stark Effect . ... ... . 513 

(G) Spectroscopic Chemical Analysis ... ... ... ... 513 

References (XVI). ... ... ... 515 


CHAPTER XVII 

THE MULTIPLE STRUCTURE OF LINES 

58. The Spinning Electron . 


XV 



















CONTENTS 


PAGE 


59. Selection and Intensity Rules . 529 

(A) One-Electron Transitions. 529 

(B) Two-Electron Transitions ... ... ... ... ... 532 

(C) Intensity Tables . 532 

60. The Fine Structure of Lines in Hydrogen and Ionized Helium ... 532 

61. Multiplicity Rules and Term Intervals ... ... ... ... 538 

(A) Term Multiplicity ... ... ... ... ... ... 538 

(B) Term Separations . 544 

62. The Ground Terms of Atomic and Ionic Systems ... ... ... 548 

(A) Singlet Systems . ... 550 

(B) Doublet Systems ... ... ... ... ... ... 532 

(C) Triplet Systems ... ... ... ... ... ... 554 

(D) Quartet Systems ... ... ... ... ... ... 556 

(E) Higher Systems, including Rare Earth Elements ... 556 

(F) Anomalous Cases ... ... ... ... ... ... 560 

(a) Primed Terms ... ... ... ... ... ... 560 

(b) Inverted Terms and Abnormal Sequences ... ... 5 (St 

(c) Forbidden Transitions ... ... ... ... ... 562 

(d) A New Kind of Spectrum ... ... ... ... 5(>2 

References (XVII) 563 


CHAPTER XVIII 

LINE SPECTRA AND THE PERIODIC CLASSIFICATION 


63. The Magnetic Energy Levels of Hydrogen ... ... ... ... 567 

64. The Pauli Exclusion Principle ... ... ... ... ... 580 

(A) Introduction ... ... ... ... ... ... ... 380 

(B) Derivation of Energy Terms ... ... ... ... 385 

(a) L 5 Coupling ... ... ... ... ... ... 585 

(b) Branching Rule. 587 

(c) Breit’s Method ... ... ... ... ... ... 588 

(d) Case of Equivalent Electrons ... . ... 389 

(C) Numbers of Magnetic Levels in Multiplet States. 597 

65. Atom Building in the Periodic Table ... ... ... ... 598 

66. Valency and the Periodic Groups ... ... ... ... ... 606 

(A) The Inert Gases ... ... ... ... ... ... 608 

(B) Hydrogen and Group I ... ... ... ... ... 608 

(C) The Alkaline Earths and Zinc Group . 610 

(D) The Boron Group . ... .. ... 610 

(E) The Carbon Group. ... . 6 ti 

(F) The Nitrogen Group. 612 

(G) The Oxygen Group. 613 

(H) The Fluorine Group. 614 

(J) The Triad Groups . 615 

Kvi 









CONTENTS 


PAGE 


67. Concluding Survey . 615 

References (XVIII) 618 

Appendix to Part III: Some Spectroscopic Relationships ... 622 

(1) One Electron in a Circular Orbit. 622 

(2) One Electron in an Elliptic Orbit ... ... ... ... 623 

(3) Proof that the Radius Vector sweeps through Equal 

Areas in Equal Times ... ... ... ... ... 626 

(4) The Correspondence Principle ... ... ... ... 626 

(5) Expression of Energy Values in Different Ways ... ... 62S 

(a) Mechanical Equivalent of Heat ... ... 628 

(b) Rules for Transforming Units ... ... ... 628 

(c) Ionization Potential of Hydrogen ... ... 628 

(6) Vector Addition in Atomic Spectra ... ... ... 632 

(A) A and B Whole Numbers ... ... ... ... 632 

(a) C a Whole Number ... ... ... ... 632 

(b) C Half-Valued ... ... ... ... ... 633 

(B) A and B both Half-Valued ... ... ... ... 633 

(a) C a Whole Number ... ... ... ... 633 

(b) C Half-Valued . 634 

(C) A Half-Valued. B a Whole Number. 634 

(a) C a Whole Number ... ... ... ... 634 

(b) C Half-Valued . 634 

(D) Summary ... ... ... ... ... ... 635 

(7) Application to Doublet Sequences of Terms ... ... 636 

(8) An Electronic Periodic Table ... ... ... ... 638 

List of Authors cited in References .facing p. 458 

Subject Index ... ... ... ... ... ... ... Ixi 


b 


xvu 





GENERAL PREFACE 


The progress of atomic and molecular theory in recent times 
has proved remarkably rapid and extensive. The subject has 
advanced along many different lines more or less independently 
and the research worker in a specialized branch often encounters 
no little difficulty in keeping in touch with developments not 
in his immediate sphere of thought. It has become increas¬ 
ingly difficult, though surely not less important, to correlate 
work carried out in different branches. It is in the hope that 
these diverse researches may be enabled to be considered more 
readily in inter-relation with each other and in respect of the 
effect of each contribution to the whole that the author has 
essayed the present task. A work which attempts to view the 
situation along various avenues of approach may perhaps also 
prove of value in enabling a given fact or principle to be found 
conveniently in the original literature. 

The introduction of electron spin into physical theory by 
Uhlenbeck and Goudsmit in 1925 has greatly clarified the 
general theoretical situation, so that the present time seems 
appropriate for a review of the present summarizing kind. 
Moreover, it would appear that sufficient time has elapsed 
since this important contribution was made for its true signi¬ 
ficance to be appreciated. 

The general plan of the work is that of separate volumes 
bearing individual titles, each volume being'as far as possible 
complete in itself as an expression of some leading thought. 
The first three volumes at present projected are intended to 
deal with different aspects of more purely physical questions. 
Further volumes are in contemplation which shall be descrip¬ 
tive of matters of special chemical importance. 

The treatment is non-mathematical, a few mathematical 
proofs being collected in appendices to certain chapters. The 
conclusions reached in The Basis of Modern Atomic Theory 
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(Methuen, 1926), designed to give the experimental background 
of the fundamental principles, are here assumed, thus saving 
a considerable amount of space. Methods of reasoning from 
the results obtained, rather than details of experimental pro¬ 
cedure and technique, form the main concern of the present 
work. 

References to the original literature necessarily occupy a 
considerable amount of space. Titles of papers are given in 
full; it is hoped that this procedure will facilitate ease of 
reference. Every attempt lias been made to ensure that the 
references shall be not only as complete as possible, but also 
accurately quoted. To save space, references to summarizing 
papers are frequently given, so that in these cases many of 
the papers quoted in them need not be repeated in the lists. 

The thanks of the author are warmly accorded to numerous 
colleagues who have helped him with advice and co-operation. 
It is with a deep sense of gratitude that he extends his cordial 
appreciation of this assistance, which has proved of the greatest 
value. On the other hand, the author accepts sole responsi¬ 
bility for design and execution, individual expression of opinion 
and any slips or defects overlooked during revision. 

Each volume is brought up to date to the time of publication 
as far as possible. The author would be pleased to be informed 
of anything of significance which he may have inadvertently 
overlooked. 

If the work is found to encourage in any measure the wider 
study and investigation of problems arising in a fascinating 
field of modern thought, or to assist and direct the energies of 
the army of workers, the author will be amply repaid for time 
and care entailed in its production. 

C.H.D.C. 

Department of Inorganic Chemistry, 

The University of Leeds. 

April, 1934. 
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Modern physics has trained her most powerful weapons 
on the closely guarded strongholds of Nature. This is particu¬ 
larly true in the field of the fine structure of matter, where the 
scientific combatant, safely entrenched on high ground already 
won, glimpses with justifiable satisfaction the fertile lowlands 
where he may hope to reap the fruits of his campaign. Prom¬ 
inent amongst experimental means which have proved them¬ 
selves especially efficient are the X-ray, the dielectric cell, and 
the spectroscope. La Mer,* in the introduction to a symposium 
on molecular constitution held under the auspices of the 
American Chemical Society in 1929, recognized these three 
instruments as assuming special significance at that time. 
Progress in the intervening period has done much to establish 
their importance. This matter forms the theme of the present 
volume, the three named experimental methods being treated 
in Parts I, II and III respectively (issued for convenience in 
three separate bindings). 

Part I is devoted to discussion of crystal and related struc¬ 
tures as determined by X-rays. Space is economized by refer¬ 
ence to the valuable StruMurbericht (1931) prepared by Ewald 
and Hermann in connection with the Zeitschrift fm Kristallo- 
graphie. The second volume of this work, covering the period 
1928 to 1932, has appeared this year (1936), and was therefore 
not available to the author during the preparation of his 
manuscript. The method of classification of crystal structures 
suggested in the 1931 volume has been followed as closely as 
possible, apart from certain amendments, especially in dealing 
with organic and intermetallic compounds (Tables XXIII, 
XXIV, XXV and XXVII). Complex inorganic compounds 
are classified according to number of atoms per molecule for 
♦V. K. La Mer: Chemical Reviews, 1929, 6 , 445-450. 
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ease in reference. It is hoped that no outstanding results in the 
period under review have been overlooked. Space is saved in 
references by not repeating papers cited by Ewald and Her¬ 
mann : the present lists are intended to be used in conjunction 
with their work, so that it is hoped that the experimental data 
on any given substance may be found quickly and conveniently 
in the original literature. In the final chapter on the relation 
between crystal structure and chemical constitution, the author 
gratefully acknowledges the assistance he received from the 
fruitful discussion held under the auspices of the Faraday 
vSociety in 1929. 

The Debye theory of polarization, Fajans' theory of deforma¬ 
tion and the derivation and meaning of dipole moments form 
the leading themes of Part II. The more refined measurements 
of dielectric constants and refractive indices have played an 
important part. The comprehensive Table of Dipole Moments 
(1934) of Hampson and Marsden published in the Transactions 
of the Faraday Society^ has proved itself remarkably useful 
in again saving reference space and increasing the availability 
of experimental data. A detailed account of work on the Kerr 
Effect closes the Part. Polarization phenomena are found to 
take their place alongside the other main avenues of approach 
in providing valuable information about the structure and 
stereochemistry of organic and inorganic compounds. 

Discuvssion of the results of spectroscopy is commenced in 
Part III, with special reference to newer adaptations of the 
quantum theory in relation to line spectra. The treatment is 
continued in Vol. 3 dealing with band spectra, but the part 
given separately here seems well able to stand alone, as an 
introduction to the study of spectra. The derivation of the 
quantum numbers, omitted from Vol. i : 5, is given as care¬ 
fully as possible. In this connection, acknowledgment is due 
to the monograph and list of references due to Gibbs in his 
Line Spectra of the Elements. I. Early observations and Systems 
of Classification (1931), published in the Review of Modern 
Physics. The present author is satisfied if he has met with any 
success in his attempt to impart to those unfamiliar with recent 
developments the fascination that he feels in that romantic 
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department of atomic science, the interpretation of spectra and 
the inward nature of the periodicity of the elements. More 
purely chemical considerations receive some attention in the 
closing chapter of the volume. An electronic periodic table has 
appeared in time to be included in the Appendix to Part III. 

Even with the saving of space effected by utilization of the 
summarizing works mentioned above and of others referred to 
in the text, it was soon realized that a very large number of 
references still remained. The question of the amount of space 
which should be devoted to their accommodation occupied the 
attention of the author for some time, as a consequence of 
which it was decided to depart from previous practice to a 
certain extent, by omitting the titles of papers in those chapters 
which dealt mainly with experimental data. It was found 
possible to retain the titles in other cases, where theoretical 
aspects seemed particularly important (chapters I, XI, XIV, 
XV, XVI and XVIII). It is hoped that the change of pohcy 
necessitated by exigencies of space will not diminish the use¬ 
fulness of the book. 

The preparation of a work of the present kind by one indivi¬ 
dual must necessarily be spread over a considerable period of 
time, and it was deemed preferable to bring the whole volume 
up to a certain date rather than to add to portions (written at 
later times) work done after the date. The book is designed to 
cover the period up to that surveyed by Science Abstracts 
{Physics) of January, 1935. From this definite date, more 
recent work may be found in later numbers of the above and 
other lists of abstracted papers. 

References in the text to The Basis of Modern Atomic 
Theory y mentioned in the General Preface, are given as 
Basis, with sectional reference number. 

The author desires to acknowledge with thanks the kind 
permission of the Editors of the Philosophical Magazine to 
reproduce Fig. CXIII, and to the Editor of the Proceedings of 
the Leeds Literary and Philosophical Society in respect of 
Figs, evil and CXXII. In all cases, the diagrams have 
been specially drawn for this work, and the author's thanks are 
due to Mr. R. G. A. Dimmick, who prepared some of the original 
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drafts for this purpose. The kind permission of Professor 
Planck and Messrs. Methuen, Ltd., to reproduce the quotation 
facing page i is gratefully acknowledged. The author's thanks 
are also accorded to Miss L. Wilson, for assistance in indexing 
and proof-reading. 

C.H.D.C. 

Department of Inorganic ('hemistry. 

The University of Leeds. 

November, 1936. 
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It is well known that no science develops systematically 
according to a definite preconceived plan, hut that its 
development depe 7 ids upon practical considerations, and 
proceeds more or less simultaneously along different lines, 
corresponding to the many ways of looking at the problems, 
and to the time and views of the investigator, ,,, It 
frequently happens that theories are found to be interrelated 
which were started from essentially different view-points ; 
theories, when extended and completed, turn out to be similar 
and begin to influence one another, appearing helpful or 
inimical according to circumstances. 

Max Planck, in A Survey of Physics (Methuen, 1925). 
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THE FINE STRUCTURE OF 
MATTER 

PART II 

MOLECULAR POLARIZATION 
CHAPTER X 

DIELECTRIC CONSTANTS 

26. General Theory : the Dielectric Constants of Gases 

Ideal dielectrics are characterized by a possibility of attaining 
and maintaining a state of electric stress without any continuous 
supply of energy from outside sources, and differ in this respect 
from ideal conductors. There exists, however, no sharp line of 
demarcation between conductors and non-conductors, and the 
two types of substance merge continuously into each other. In 
practice, therefore, dielectrics must be regarded as permitting 
the passage of an extremely minute electric current. 

Meissner^ has asked : What is an insulator ? '' and con¬ 
cluded that insulating materials contain positive and negative 
ions close together, with strong bonds between them. Gueben^ 
has suggested that the current in a dielectric is due to dipoles 
as well as ions. The electrostatic field in dielectrics is treated 
mathematically by Wessel.^ 

According to Coulomb's law, the force between two charges 
of magnitude e and e' concentrated at a distance r centimetres 
apart is proportional to ee'jr^, and is given by 


where e is the '' dielectric constant," referring to the medium in 
which the charges are placed. The dielectric constant of a 
medium may be measured by the ratio between the capacity of 
a condenser having the given dielectric separating the plates 
and that of the same condenser when the dielectric is air. The 
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dielectric constants of gases are not far removed from the value 
unity. 

The force F exerted at a point where a unit charge is situated 
by a charge e at distance r from it is given by putting e' i in 
the expression of equation (i), so that 


and F = fje'. This force is a measure of the strengtii of electric 
field, or of the '' electric intensity at the point in question. 
Moreover, the surface density of charge o- at distance r 
induced on a conductor by a charge e is given by 

^_ ^ ^ ± _ 

^ 477^^ 4 '”‘ 4 ^. 

It may be added that the quantity of energy per unit volume in 
an electrified dielectric is given by the expression eF^/Sn, 

The dielectric constant of a medium varies for different wave¬ 
lengths of radiation passing tlirough it, and approaches a limit¬ 
ing value corresponding to infinite wave-length and zero 
frequency. This value is usually quoted in tables, and is 
obtained by extrapolation of measurements. An advantage of 
referring e to zero frequency is that the number obtained is 
applicable to static '' fields, such as are set up between the 
plates of charged condensers. 

According to the Clausius-Mosotti rule, the quantity 
(e — i)/^f(e -j- 2) is a constant independent of temperature, d 
being the density of the medium. Actually, wide divergences 
from the rule are often found, a discussion of which follows 
later. “ Molecular polarization P is defined by the relation : 


P - 


€ — I M 

€ + 2* ^ 


(4) 


where M is the molecular weight of the substance (see this 
vol.: 29). 

Maxwell deduced from the electromagnetic theory of light : 

.(5) 
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where r oo is the refractive index of the medium for light extra¬ 
polated to infinite wave-length. Within the limits of applica¬ 
bility of this relation, combining equations (4) and (5), the 
molecular refraction R may be written : 




This is the Lorenz-Lorentz relation. Complicating facts in 
studying the applicability of the above relations are : (i) both 
€ and r vary with wave-length of radiation employed ; (2) P is 
not generally independent of temperature. These matters are 
considered below. 

Methods of determining dielectric constants have been 
summarized by Bliih.^ 

In the case of gases, dielectric constants do not vary very 
much from the value unity, so that equation (4) becomes very 
approximately 


P - 


€ - I M 

3 


(7) 


(€ — i)ld being sometimes called the Newton function. If P is 
to remain constant with changing pressure (or density), e — i 
must be proportional to d. Now the function should also be 
independent of temperature, but this is not generally true. The 
failure of the older theory in this respect led Debye to state the 
theory of polar molecules, according to which (see this Vol.: 30c) 



where T is the absolute temperature, and a, b are constants 
having special significance. This theory is treated in the 
sequel. Equation (8) may be written in the form PT = aT + b, 
or 6 = T{P — a), PT being linear with T. 

Jona® verified this result of the Debye theory in the cases of 
air, COg, NHg, SOg and the vapours of CH3OH and HgO over 
varying temperature ranges up to about 450°K. Satisfactory 
agreement was found, except where gases were at temperatures 
near the liquefying points, marked rises in PT being observed in 

219 






THE FINE STRUCTUBE OF MATTER [x 26 

the cases of HgO, CHjOH and SO^ (see Figures LX and LXI). 
This anomaly was attributed by Jona to association. Further 
work in establishing the validity of a relation of the type (8) has 
been carried out by Weigt® on CO and COg, by Compton and 
Zahn’ on HCl, HBr and HI, and by Stuart® on air, COg, and the 
vapours of methyl and ethyl ethers, ethylene oxide and acetone. 



the last-named between room temperatures and i8o°C. In 
each case, the variation of € — i with T shows a smooth curve, 
the dielectric constant falling with rising temperature as pre¬ 
dicted by the theory. 

The Clausius-Mosotti relation was found to hold good by 
TangP ih respect of changes of pressure in air, Hg and Ng 
between 20 and 100 atmospheres, and by Occhialini and 
Bodareu^® for air up to 350 atmospheres. The dielectric 
constants increased with pressure, as required by the Clausius- 
Mosotti and Newton relations. Further work was carried out 
by Riegger“ on air, Hg, CHg, CO* and CO over a pressure 
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range 400 mm. to 760 mm., and by WaibeP^ on air between i 
and 40 atmospheres. The results yielded almost perfectly 
constant values of the functions (4) and (7) over the ranges 
studied. 

Zahn^® determined the dielectric constant of water vapour 
between 3 and 20 mm. pressure and over a temperature range 



23° to i 65''C. At room temperature, the curve connecting 
€ — I with pressure was found to consist of two straight parts 
connected by a curved portion giving a change of slope. This 
irregularity tended to disappear at higher temperatures, and 
Zahn explained it by adsorption, which increased with pressure, 
of water molecules on the condenser plates during the deter¬ 
mination, leading to increased capacity and dielectric constant. 
It was suggested that the irregularities observed by Jona near 
the temperature of condensation might be similarly explained. 
Wolf^^ found linear relations between e — i and pressure for 
COg, Ng, Og and Hg between 1,200 mm. down to very low 
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pressures, whilst for HgO and NH3 curves of the type described 
by Zahn were obtained. The effect of altering the distance 
between the condenser plates was studied. The results were 
somewhat unfavourable to Zahn's adsorption hypothesis. 

The € of is found to give a constant Clausius-Mosotti 
function from i to 1,000 atmospheres pressure and from 25° to 
iSoT.. An earlier observation^® showed that the e of dry, 
dust-free air increased linearly with pressure, up to 170 atmos¬ 
pheres. On the other hand, and showed 

small changes in the Clausius-Mosotti function at high 
pressures. Keyes and Kirkwood^®’^^ suggested that the 
relation was only applicable to the case of infinitely low density, 
and proposed a modified formula (see this vol. : 29). 

Recent measurements have been made on the following : 

He,20 Ne,2®'21 Kr,20 Xe,^® Hg,^® N2,1^’22.23.24;25 

air,16*22 CO2,17n8'20.22 N/),22.26.40 ^0,22 CO,22 NHs,!® 5^4,22 
Si2H6,22 SF6,22 SiF6,22 CSg,26-39 CH4,22 C2H6,22 C3H8,22 

C 6 Hi 4,27 C2H4,2- CgH2,22 C 2 H 4 Clg ,27 CgH 4 Brg ,27 and 

CH3COOH.271 Metallic vapours were examined by Kruger and 
Maske.26 

Strong electric and magnetic fields 26 are found to have no 
effect on the c's of He (20 cm. pressure), air and Og (normal 
pressure). The zero influence of strong magnetic fields has been 
confirmed for A,®! Og,®®*®! Hg,®® COg®® and Ng.^® 

Methods of calculating c's have been applied to He, 62,33 ^ 33 
HF, 2 ^ Fg,®^ Clg,®^ Brg®^ and Ig.®^ A linear relationship®^ is found 
between log(€'i) and the ionization potentials of the inert gases. 

The energy associated with explosive mixtures of CO and 
Og®® has been determined by the dielectric strength (D.S.) of the 
gaseous medium. It is found that drying with P^Og increases 
D.S., small amounts HgO at first reduce and then increase D.S., 
whilst addition of Hg reduces D.S. The capacity component, 
however, is not necessarily responsible for ignition,^i and 
Smithells and co-workers^® Y^rere justified in concluding that Hg 
is more effective than HgO in increasing the sensitivity towards 
ignition of 2CO + Og mixtures. 
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27 . The Dielectric Constants of Liquids 

(A) Pure Liquids, (a) Inorganic Substances, The change 
of the dielectric constant of water with wave-length has been 
studied by a number of observersA^’^^'^®’^®''*'^’^’^® The value for 
long waves is very approximately 79. Lili KockeP® estimated 
the changes of dielectric constant of water with temperature, 
and derived a continuously falling curve between o" and ioo°C. 
The variation was not found to agree with the Debye formula 
(8), PT being not linear with T. Although rather better agree¬ 
ment was obtained with another formula due to Cans, the 
matter does not appear to have been very satisfactorily 
explained. More recent work is due to Astin,^^ Cuthbertson, 
Linton eind Maass,^'^’*'^ and others. 

Other inorganic substances studied are N2H4,®^ 

Brg,®® liquid and 

Work lias also been carried out on the dielectric constants of 
liquefied gases. Thus Wachsmiith^^ records the following 
results of Messtorff on liquid oxygen, nitrogen and air 
respectively: e = 1-51, 1*58 and 1*56. Ebert and Keesom^^ 
investigated the dielectric constant of liquid nitrogen over the 
temperature range 63*9 to 76-5°K., and found that the Maxwell 
and Clausius-Mosotti relations were valid. Work has been 
done on the dielectric constants of liquid oxygen, hydrogen and 
helium in the laboratory of Kamerlingh-Onnes. For liquid 
oxygen, over the temperature range 90-3 to 70*8°K., the 
dielectric constant varied from 1-145 to 1-239, ^he Clausius- 
Mosotti function PjM = (e — i)/(e + 2 )d between the limits 
0-1167 and 0*1173. For liquid hydrogen, over the range 20-4 
to I4-4°K., the dielectric constant varied from i*2ii to 1-236, 
and the Clausius-Mosotti function from 0-928 to 0-951. The 
pressure was steadily decreased over the ranges named. For 
liquid helium, a dielectric constant of 1*048 at 765 mm. pressure 
was obtained. Further more recent work has been carried out 
on hydrogen chloride,nitrogen,argon,meihane^^ and nitrous 
oxide, 

(b) Organic Substances, Ratz’^ calculated the temperature 
coefficient of dielectric constant of a large number of organic 
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liquids, and Abegg and Seitz’® found a rapid increase in 
dielectric constant with temperature in the cases of toluene, 

ether, acetone and amyl and ethyl alcohols, the values of £ con- 

r 

forming approximately with the relation e = where c 

is a constant. A sudden fall in dielectric constant was found 
to occur on solidification, an observation confirmed by other 



Figure LXII. —Variation of Dielectric Constant e of (a) Ether, 
(b) Toluene, with Temperature. 

workers. Isnardi and Gans” found that the dielectric constant 
of ethyl ether rose to a maximum value at — loS'^C., below which 
it fell rapidly to a constant value for the solid state. A some¬ 
what different curve was obtained for toluene (Figure LXII). 
In the case of ether, the Clausius-Mosotti function was not 
constant, but PTjM = (e — i)r/(6-f 2)^? was found to be 
linear with T, as the Debye equation requires. This is shown 
in Figure LXIII, which may be contrasted with Figure LXIV, 
where the Clausius-Mosotti function is found to be practically 
constant in the liquid state for toluene, the PT curve being 
linear with T, and, when extrapolated, passing through the 
origin. These figures clearly show the difference in behaviour 
between polar ether and practically non-polar toluene in respect 
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Figure LXIII.—Variation of I^olarization of FIther with Temperature. 



Figure LXIV. —Variation of Polarization of Toluene with 
Temperature. 

of changes of € with temperature. Using Abegg and Seitz's 
results, Isnardi and Cans found that the Debye condition was 
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fulfilled for methyl and ethyl alcohols between +10'' and looX. 
Polar chloroform gave results similar to ether, and carbon 
tetrachloridey benzeney m-xylol behaved as non-polar like toluene. 
The meaning of these results is most easily interpreted in the 
light of the Debye theory (see this vol. : 30C). 

Herz^® collected a large amount of information respecting the 
values of the Clausius-Mosotti and Lorenz-Lorentz functions for 
a large number of organic liquids. It was found that P was 
approximately equal to R for many hydrocarbons and for 
thiopheney where the Maxwell relation was obeyed. In the cases 
of most organic chlorides, bromides and iodides, esters, acids, 
alcohols and amines, the PfR ratio departs widely from the 
value unity. In homologous series, the ratio tends to decrease 
with increasing carbon content. 

Walden*^^ measured the dielectric constants of Go purified 
solvents for a series of different temperatures, and found that 
the Clausius-Mosotti function was not constant and varied with 
temperature. Liquids having high dielectric constants were 
found to contain '' dielectrophore groups in their molecules, 
the groups being mainly negative in chemical character, as in 
the following cases : -OH, -NO^, -CN, -SCN, -NCS, 
—NHg, —F, —Cl, —Br, —I, =CO and —SOg. In order to 
obtain a high dielectric constant, these groups must be combined 
with others called ‘‘ dielectrogene,'' prominent amongst which 
are — H and the alkyl groups CHg, CgHg, CgHg. When dielectro¬ 
phore groups are combined together, the dielectric constant is 
low, as in liquid Clg, Brg and CgNg. 

An increase in polarity of a molecule is generally associated 
with increase in dielectric constant. This is also found to 
accompany the introduction of semi-polar " bonds into 
molecular structure. Thus, for diethylsulphite (C2H60)2vS->0, 
where one semi-polar bond occurs, e = 16, whilst for ethyl 
ethyl sulphinate 

^ 2 ^ 6 . 



C2H5O ^ Xo 
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where two semi-polar bonds are present, e == 42. The presence 
of polarity may, however, result in molecular association in such 
a way that the dielectric constant is lowered. This is a 
secondary effect (see this vol. : 40). 

Walden and Werner®® observed a difference in the dielectric 
constants of cis- and /mRs-dichloroethylenes (CHCI : CHCl). 
The results recorded for room temperature (about were : 

m-compound, € ^ 3-67 ; /;'<2!/^6'-compound, e — 7-55. Errera 
and Lepingle®^ found the values at 20°C. : 67‘s-compound, 
c 9*22 ; /ram'-compound, c ~ 2-25. The order of dielectric 
constants is thus reversed. Errera®^ discussed the isomers of 
CHCl : CHI, tile positions of the atoms in the two geometrical 
isomerides having been determined by van de Walle and Henne. 
The iodine atom appealrs to be relatively positively charged in 
relation to the chlorine atom in tlie molecule, the dipole moment 
of the /mns-coinpound in dilute benzene solution being found to 
be more than twice that of the c/s-compound. The moment is 
increased by increasing the distance between the unlike charges. 

Further more recent work has been carried out on the follow¬ 
ing organic compounds: pentane,hexane,^^'^^>^'^ heptane, 
octane,nonane,decane,undecane,dodccane ethyl 
iso-propyl ethers,^ methyl ethyl ketone 
methyl chloride,chloroform,methyl cyanide methylamine,^'^ 
ethylamine,^'^ tirethane, monochloracetic acid methyl alcohol, 
ethyl alcohol,^^ n- and iso-propyl alcohols,^^ n- and iso-butyl 
alcohols,dimethyl ethyl carbinol,^^ amyl alcohol oxalyl 

chloride,^ dioxan,^’^ ethylene dichloridc,'^^’^’^’’^^ ethylene glycol, 
propylene chloride,^ acetal,ethyl behcnatc benzene, 
64 . 66 . 67 , 68,71 ^itfobenzene benzonitrile,^^’’^^ chloro- 

benzene,phenol, 0-, m- p-xylenes,^^ o-nitroioluene,^^ 
o-methylnitrobenzoate,^ acetophenone,’^^ cinnamic aldehyde, 
quinoline, and methyl cyclohexane,^ 

(c) Influence of Conditions, Many investigations have been 
carried out on the effect of pressure on the dielectric constants of 
liquids.®® Kyropoulos®^ used pressures up to 3,000 kg./cm.®, 
and found that whilst € diminished with increasing pressure for 
ether, carbon tetrachloride, ethyl and methyl alcohols and water, the 
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Clausius-Mosotti function was constant only for the first two 
named. In the other cases, P decreased with increasing 
pressure, and this was attributed to the effect of association 
which tended to increase the number of complexes having 
smaller moment than the unassociated molecules. Danforth®^ 
has measured the dielectric constants of ten liquids for pressures 
up to 12,000 atmospheres. Whilst in many cases the reciprocal 
of the Clausius-Mosotti function varied linearly with density, it 
was found that the relations in the cases of carbon disulphide, 
pentane and ethyl ether were more comphcated. 

Malsch®® detected no change in the dielectric constants of 
water, glycerine and ether, using fields of intensity 100,000 
volts/cm. This result was not in accord with the Debye theory. 
In a further investigation, using an improved method, the same 
observer^’ found small but appreciable diminutions in e at 
250,000 volts/cm., amounting to 0*7%, 1*0% and 1*5% for 
water, nitrobenzene and ethyl alcohol respectively. Allowance 
being made for the effect of association, the results were found 
to be in agreement with the Debye theory. Kautzsch®® studied 
the variation in € with changing electrostatic fields, and used 
the results to calculate the dipole moments of ether, chloroform 
and chlorobenzene. Saturation effects were observed in the cases 
of the first two named, Gundermann®® has reviewed the work 
on the effect of field strength, and has confirmed that the 
dielectric constants of liquids fall with field strength, and finds 
them to be diminished proportionally to the square of the 
apphed field, as the Debye theory requires. 

Lunt and Rau®® have found that the dielectric constants of 
benzene, ether and chloroform do not vary with frequency from 
I to 1,000 kilocycles per second. In the cases of ethyl alcohol, 
acetone, aniline and nitrobenzene, a slight increase was observed 
between 100 and 1,000 kilocycles per second. For rather longer 
waves in the neighbourhood of 10^ to 10® kilocycles per second, 
the Debye theory requires a marked decrease with increasing 
frequency in the dielectric constant of liquids having dipole 
moment, accompanied by strong absorption of the electric 
waves. This effect, known as ** anomalous dispersion,*' was 
first observed by Drude. The absorption is responsible for 
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'' dielectric loss/' and results in heating the dielectric. In the 
case of a polar liquid, the effect of an alternating field is to 
orientate the molecular dipoles, but the polarization due to the 
orientation reaches its maximum value r seconds later than the 
field, where r is the relaxion time," of the order lO"^^ 

The theory, so far as it has been worked out by Debye, leads to 
the conclusion that the polarization formula (see this vol. : 30C) 
must be modified in such a way that the second term (due to 
permanent dipoles) is divided by i + zW, where co is the 
number of vibrations in 277 secs. Hence the dielectric constant 
decreases as oj increases, in accordance with observation. The 
relaxion time is given by an expression involving y, the viscosity 
of the medium (see this vol. : 31C). The anomalous dispersion 
occurs at a frequency given by Experiment has largely 

confirmed that non-polar liquids give no dielectric power-loss, 
whilst polar liquids give heating effects increasing with fi. 
This has been clearly established in the case of the isomeric 
dichlorobenzenes. Jackson®^ has investigated power-losses in 
benzene, toluene, chlorobenzene and nitrobenzene. Evidence of 
the existence of dipoles in primary alcohols has been obtained by 
Krause®® by this method. 

Goss®® has explained, by application of formulae due to 
Raman and Krishnan, the observed slight increase in total 
polarization of a non-polar liquid with temperature. 

Piekara and Scherer®^ have shown, in the cases of eight 
organic liquids, that the dielectric constants increase in magnetic 
fields of 51,000 gauss. 

(B) Liquid Mixtures. Researches considered in this sub¬ 
section include cases where the leading interest lies in the 
determination of c's of liquid mixtures, and the influence of 
conditions (variation with concentration, temperature, etc.). 
Further cases are treated in this vol. : 37. Convenient sum¬ 
maries have been provided by Lowry®® and Lichtenecker.®® 

The detailed researches of Williams and collaborators^®® and 
of Smyth and collaborators^®^ may be briefly noted here. It is 
found, in general, that the polarization of a liquid is independent 
of admixture with non-polar solvents. The Debye condition 
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for variation with temperature was found to be valid, for 
infinite dilution, in the cases of solutions of chlorobenzene, 
bromobenzene and chloroform in hexane. 

Many attempts have been made to express the dielectric 
constant of a liquid mixture in terms of the dielectric constants 
of the components. The general relation takes the form 

f(e) = . (9) 

for binary mixtures, where e, and are the dielectric con¬ 
stants of the mixture and components i and 2 respectively, 
and V2 are the ratios of the volumes of the components to the 
volume of the mixture, and the same function of the dielectric 
constants concerned is used throughout, in a given case. Thus 
Silberstein,^*^^ assuming no change of volume on mixing and no 
interaction between the constituents, derived a thermodynamic 
proof of the formula obtained by putting f(€) = e in equation 
(9). The law was found to give satisfactory results in the 
comparison of calculated and observed dielectric constants of 
mixtures of benzene and phenyl acetate. Kerr^®^ studied organic 
mixtures conforming to Silberstein's rule, and found certain 
deviations which were attributed to molecular association. 
Griitzmacher^"^* supported Silberstein's assumption by experi¬ 
ments on the mixtures carbon tetrachloride-carbon disulphide, 
carbon tetrachloride-chloroform, carbon disulphide-benzene, and 
toluene-benzene. Philip,in the course of an investigation 
covering a large number of organic mixtures, studied (i) the 
case f(€) = (e — i)/(e +2), using the expression which occurs 
in the Clausius-Mosotti formula, and (2) the case f(€) = \/€~-i, 
as in a formula associated with Beer, Landolt and Gladstone (see 
S 8 . 99 U 06 ) Either formula gave equally satisfactory results 
where both components of a binary mixture possessed low 
dielectric constants, as with mixtures of benzene and ether and of 
carbon disulphide and chloroform. In other cases, certain 
discrepancies appeared, especially where alcohols were used as 
one component, where the pure alcohols and solutions more 
concentrated in alcohol showed abnormally high values of the 
dielectric constants as compared with those required by the 
mixture formulae. Such cases may be linked with the occur- 
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rence of molecular association. Similar results were obtained 
by Philip and Haynes^®^ in mixtures containing phenols, which 
are known on cryoscopic grounds to associate in benzene and 
other solvents (see Philip and Clark^®®). The theory that 
deviations from the mixture rules may often be attributed to 
association has been largely confirmed by work, carried out in 
the light of the Debye theory, as, for example, by Lange,^®® 
according to which two types of association may occur, having 
opposite effects on the dielectric polarization. Wiener^^® put 
f(e) =: — i)/(e + u), where u assumes various values, such 

as o, 2, e, 2c and co. For w = 2, the formula reduces to that 
used by Philip (case i), and for u ~ 00 , to that of Silberstein. 

More recent work has fully tended to confirm the inapplica¬ 
bility of a formula of the type of equation (9) to general cases. 
Piekara^^^'^^2 studied water-alcohol mixtures in oily mercury in 
oily and merctiry in vaselinCy and concluded that ideal non- 
homogeneous mixtures do not obey a linear additivity rule. In 
certain cases, the dielectric constants of liquid mixtures are 
greater than those of either component : this is true of water- 
hydrogen peroxide^^ and ethyl alcohol-propyl alcohol mixtures.®^ 
According to Kyropoulos,^^^ the mixture rule is never accurately 
obeyed : for example, in acetone-benzene mixtures, dissociation 
of acetone occurs, whilst with mixtures of methyl alcohol and 
acetone in watery hydration is responsible for variations. Ball®® 
has studied toluene-amyl alcohol mixtures. Briegleb^^^ reports 
deviations from additivity for mixtures, as follows : carbon 
disulphide-heptaney carbon disulphide-carbon tetrachloridey carbon 
disulphide-benzeney and in other cases. Howell and Jackson^^^ 
find a nearly linear relation for the mixture phenol—m-cresoly 
whilst deviations are found for phenol in watery aniline and 
p-toluidine. Wyman,however, has found the rather un¬ 
expected result that the additivity rule holds throughout all 
ranges of concentration for mixtures of the polar liquids water 
and ethyl alcohol. 

The variation of dielectric constants of liquid mixtures with 
temperature^^^ has been found to be expressible by a formula 
€ ae~^^y where Uy b are constants, in the following cases, water 

being one component: methyl, ethyly n-propyly isopropyly and 
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tertiary butyl alcohols ; ethylene glycol, glycerol, acetone, mannitol 
and cane sugar. 

Hiegemann^^® has found the high frequency conductivity of 
water-glycerol mixtures to be inversely proportional to the 
square of wave-length, as theory requires. Haass^^® has studied 
the anomalous dispersion of hexyl alcohol gradually diluted with 
benzene, and finds that the peak maxima shift in the direction of 
lower wave-lengths with increasing amounts of benzene, the 
curves becoming at the same time increasingly flattened out. 
Amyl alcohol in benzene behaves similarly. In the work of 
Krause,®^ previously noticed, it was shown that in the region of 
anomalous dispersion, mixtures of butyl alcohol with oil, oil and 
carbon tetrachloride, and pure carbon tetrachloride respectively 
showed decreasing frequency corresponding to maximum loss 
with increasing viscosity of the mixtures, in accordance with 
the theoretical conclusions made by Debye. 

Johnstone and Williams^’^ examined the variation of e's for 
solutions of nitrobenzene and p-dinitrobenzene in mineral oil of 
high viscosity, and found that e decreased with increasing 
frequency. The relaxion time was calculated for nitrobenzene 
by the Debye formula (see this vol. : 30C), allowance being 
made for molecular association. The calculation also yielded 
an estimate for the molecular diameter of the right order of 
magnitude. 

(C) Aqueous Solutions, {^ei) Electrolytes. The earlier investi¬ 
gations were conducted on dilute aqueous solutions, with a view 
to ascertaining whether the dielectric constant of water was 
raised or lowered by addition of a solute. The effects in such 
solutions were found small in all cases studied, but the evidence 
proved somewhat conflicting, elevations of dielectric constant 
being found by Cohn,^2o Nernst^^i and Smale^^^ and depressions 

by Drude^^® and Palmer. ^24 

More recently, Lattey^^® has found lower dielectric constants 
in dilute solutions of KCl and CUSO4, and Bliih^^e j^as deduced 
on theoretical grounds that the dielectric constants of electro¬ 
lytic solutions should decrease linearly with increasing con¬ 
ductivity, the assumption being made that departures from the 
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mixture rules may be attributed to hydration of ions. It is 
found that the experimental values of Sommer (Dissertation, 
Berlin, 1923) are in qualitative though not in exact quantitative 
agreement with the theory. Fiirth/^? using a new experimental 
method, finds first a decrease and then an increase in e between 
o and I % NaCl in water. The minimum is less strongly marked 
when the potential between the condenser plates is 30 than when 
it is 15 volts. Zahn^28 reports a lowering of e for concentrated 
solutions of strong electrolytes, the value for saturated LiCl 
being smaller than for NaCl solution of the same conductivity. 

Walden, Ulich and Werner^^o obtained minima in the curves 
connecting € with concentration for non-aqueous solutions, but 
for aqueous solutions of KCl, CdBrg, BaClg and N(C3H7)4l, the 
ascending parts of the curves were not realized. Hellmann and 
Zahn^^® have found the increase in dielectric constant with 
concentrated solutions in water, and that, in the case of certain 
salts, the dielectric constant of water is exceeded. Aqueous 
solutions are divided by the authors into two classes : (i) those 
which at high concentrations show only small lowerings of 
dielectric constant, and in which the increase at higher con¬ 
centrations is not proved, as HCl and the alkali halides, and 
(2) those which show a definite minimum of dielectric constant 
corresponding to a certain limiting concentration, and which, 
after passing the minimum, give rapidly-increasing values, as 
CUSO4. Deubner^®^ and Rieckhaff^^^ record results in general 
agreement with those of Hellmann and Zahn. The falling parts 
of the curves may be associated with ion hydration and the 
orientation of water dipoles by ions, and the subsequently- 
increasing values of dielectric constants with more concentrated 
solutions, leading to values higher than that of pure water in 
some cases, with the thinning of the water layer around ions 
due to the decreasing proportion of water molecules. 

More recent work has shown widely varying observations, as 
in the case of aqueous potassium chloride, where four different 
results have been reported, (i) Carman and Schmidt^^^ found 
a minimum in the curve connecting dielectric constant with 
concentration. A similar result was obtained by Astin,whilst 
Milicka and Slama^^^ have found minima for 19 different 
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aqueous salts, adds and bases. (2) Drake, Pierce and Dow®^ 
found that the dielectric constant of aqueous potassium 
chloride was not much affected by concentration, and nearly the 
same as for pure water. (3) Carman and Smithreported for 
this substance in dilute solution that the dielectric constant 
first increases above that of pure water, and then decreases, 
giving a maximum, similar results being found in other cases. 
(4) Lattey and Davics^^® found a constant increase with con¬ 
centration for several salts, including potassium chloride in 
aqueous solution. Orthmann^^^ reported similar results for 
vSilver salts. Malone, Ferguson and Case*^^ called attention to 
the generally discrepant nature of the results, and pointed out 
that the problem was even more complex than had been 
realized, and that no adequate theoretical treatment had been 
given to the divergences. The dielectric constants of aqueous 
solutions appear, however, to be remarkably sensitive to 
changes in (a) temperature,and (b) frequency,^^^ and tins 
may partly be found to account for the discrepancies. 

Kossel,^ in the course of his consideration of chemical electro¬ 
static phenomena, considered the work necessary to separate 
K+ from Cl~ in the case of KCl, equal to e^jzr, where e is the 
electronic charge (4*77 X 10“^® E.S. units) and r the distance 
separating nearest centres in the crystal, taken as 2 X 10”® cm. 
This gives 5-4 x thermal agitation energy (of 

three degrees of freedom at 17X.) is ^RTjzN per molecule, 
where R is the gas constant ^ 0-8312 X 10® ergs, N the 
Avogadro number ~ 6 X lo^^ and T the absolute temperature 
(290°K.). Substituting these numbers, the molecular thermal 
agitation energy may be approximated as 5-8 x 10 " erg, 
which is evidently insufficient to ionize the substance. In 
water, however, the energy necessary to separate the oppositely- 
charged ions becomes e^l€.2r, x 5-4 X io~^^ = 6*8 x 10“^^ 
erg, so that the thermal agitation energy becomes of the right 
order, enabling dissociation to occur. Similar considerations 
would apply in the case of non-aqueous solvents. 

Theoretical treatment of the dispersion of dielectric constants 
of strong electrolytes in solution, and the relations between 
conductivity, concentration and dielectric properties, is due to 
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Debye and Falkenhagen,^^® whose theory is based upon the 
conception of ionic atmospheres, first suggested by Debye and 
Hiickel. The treatment has been extended to mixed solutions 
of strong electrolytes.It would take us too far from our 
present course to examine these theories in detail, and the 
general theory of electrolytes will be treated elsewhere. It maj^ 
be noted here that the Debye-Falkenhagen theory has been 
largely verified by several authors, notably by Zahn,i^2 Wien,^^^ 
Je/ewski and Kamecki,^^^ Plotze,^^*'* Stips^^® and Henniger.^^'^ 
Further details will be found in the literature cited. 

(b) Non-Electrolytes, Non-electrolytic aqueous solutions have 
also received their share of attention. Harrington^^® investi¬ 
gated sugar and urea solutions, following on the investigations of 
Drude.^2aj49 Lattey^^^ also examined sugar solutions, whilst 
KockeP® studied the temperature variation of sugar and urea 
solutions. Fiirth,^^® in an important investigation, examined 
the variation of dielectric constant with concentration in the 
cases of (i) dextrose, lamilose and cane sugar, whose values 
decreased with increasing concentration and were never greater 
t})an that of pure water, (2) urea and glycocoll, which showed 
increasing dielectric constant with increasing concentration, and 
(3) saccharin, whose value first increased and then decreased. 
In cases where a rise is noted, this is attributed on the Debye 
theory to the solute containing a greater number of dipoles per 
unit weight than the solvent, the subsequent decrease after 
passing a maximum being associated with the increasing 
viscosity of the solution. If this maximum falls at zero 
concentration, the curve relating dielectric constant to con¬ 
centration will continually decrease due to the viscosity effect, 
and substances of Furth's type (i) will fall in this class. The 
same type is obtained where the dipole moment of the solute is 
less than that of the solvent. If the maximum is located at 
saturation, a continually increasing curve is obtained (Fiirth's 
type (2) ). If it occurs anywhere else, type (3) above is 
obtained. The results of Fiirth provide examples of aU the 
types, and illustrate Debye's theory remarkably well. The 
matter will be taken up again in connection with the Debye 
theory. 
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Fiirth and have investigated amphoteric substances 

containing Zwitterions " in aqueous solution, and find in all 
cases a maximum value in the curve connecting € with con¬ 
centration, the curves first rising and then falling away. Sub¬ 
stances examined were: hippuric and sulphanilic acids, 
helianthin, and ortho- and ^^s^-uminohenzoic acids. Serums and 
other substances of biological interest have been examined by 
Fiirth^®® and Keller. xhe dielectric constants of egg 
albumin solutions have been measured. 

Devoto^®^ measured the dielectric constants of aqueous 
solutions of sulphamide S02(NH2)2, and deduced the polar 
formula NH: S0(NH3‘^)0”. For amino-acids the 
dielectric coefficient (rate of increase of e with concentration) 
increases with increasing length of chain, and is proportional 
to the corresponding dipole moments. Further confirmation 
of the theory of amphoteric ions has been obtained for 
acids,^"^’^>'^'^ polypepiides'^^'^''^^ and gelatin. 

(D) Non-Aqueous Solutions, (a) Dissolved Gases. Two 
researches may be noted here. Gases dissolved in oils are 
found to have a marked effect on their dielectric constants,^ 
whilst hydrogen chloride dissolved in benzene, cyclohexane and 
carbon tetrachloride has a higher polarization than in the free 
gaseous state. 

(b) Dissolved Solids. Eggers^®^ studied the dielectric con¬ 
stants of solutions of sulphur in carbon disulphide, and found the 
values to lie between those of the pure components. In other 
cases examined, this did not hold. According to Platzmann,^®® 
sulphur has a low dielectric constant, and therefore low ionizing 
power (see below). RosentaF®® has reported that solutions of 
sulphur in benzene obey the Clausius-Mosotti law, whilst in 
carbon disulphide a small increase of polarization with tem¬ 
perature occurs. Dobinski^®*^ has determined the dielectric 
polarization of S in the last-named case as 0-252 cc. per 
gram. 

Kahlenberg and Anthony^®® have examined solutions of 
different metallic oleates in various solvents. It was found that, 
in general, the dielectric constants of solutions were only 
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slightly less than those of the corresponding pure solvents. An 
interesting fact about these solutions is that the effect of the 
metal was masked in the observations. 

Walden^®® reported his investigations of solutions of the salts 
of alkyl-substituted ammonium bases in three solvents : cMoro- 
form (e == 4*95), methylene chloride (e = 8-i) and ethyl formate 
(e = 8*2). It was found that the dielectric constants of the 
solutions were in general much higher than those of the pure 
solvents and increased with increasing concentration. Thus, 
the dielectric constants of solutions of tetraethylammonium 
chloride in methylene chloride at dilutions of 40 and 20 litres were 
9 *3 and 10 *15 respectively. The percentage increase in dielectric 
constant was greatest for the tetra-substituted ammonium 
compounds, and for the solvent of lowest dielectric constant 
(chloroform). Attempts were made to apply additive rules 
proposed by Philip, Bouty and Silberstein with varying success. 
More recently, Walden, Ulich and Werner^^® have found a 
lowering in e at lower concentrations in such solutions of the 
salts of substituted ammonias with a subsequent rise with 
increasing concentration, so that curves showing minima often 
represent the results, as in the case of tetrapropylammonium 
iodide in tetrachlorethane. This result is reminiscent of that of 
Fiirth^^? Qn aqueous solutions. Krauss and Tuoss^"^® have 
studied the influence of dielectric constant on conductance in 
the case of tetra-substituted ammonium salts in ethylene dichloride, 
dioxan, benzene, and mixtures of these. It is found that 
specific influences due to the solvent are not conspicuously 
present. In further work,^^^ it was found that in benzene as 
solvent, the increase in dielectric constant due to dissolved 
substances was greater for electrolytes [tetra-ammonium salts 
and silver perchlorate) than for m-dinitrobenzene. 

According to the Debye theory, an applied electric field should 
result in the lowering of dielectric constant of a dipole solvent. 
Although the evidence is somewhat conflicting, the conclusion 
appears to have been largely justified. The lowering of 
dielectric constant in solutions containing ions may thus be 
associated with the polarization of the solvent by ions. In more 
concentrated solutions, the degree of ionization may be less, 
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and the effect of undissociated solute dipoles may enter in, 
causing an increase in dielectric constant as observed in many 
cases. 

The relation between the dielectric constants of solvents and 
their capacity to ionize has been the subject of extensive 
researches, particularly by Walden. Thomson’^^ and Nernst^’^ 
suggested many years ago that the dielectric constant of a 
solvent was the fundamental property determining its 
dissociating power. Walden^'^''^ investigated the electrical con¬ 
ductivities of substances in non-aqueoiis solvents, for example, 
in liq^iid sulphtiy dioxidCy and found tliat many substances not 
normally regarded as electrolytes were capable of giving 
conducting solutions. In the later work,^^“ it was demon¬ 
strated, in the case of tetraethylammonium iodide in different 
solvents, that a close parallelism existed between dielectric 
constant and dissociating power of a solvent; the greater the 
dielectric constant of the solvent, the greater was the degree of 
dissociation of the salt of the substituted ammonium base for a 
given dilution. The degree of ionization in a solvent was found 
to vary approximately as the cube of its dielectric constant. In 
the course of this investigation, the related phenomenon of 

electrostriction,'’ whereby a decrease in volume occurs in 
connection with solution of a substance in a solvent liaving the 
power to produce a conducting solution containing ions, was 
also examined (No. IX of the series of papers^"^^).* This effect 
liad been previously observed by Drude and Nernst,^^® and by 
Kohlrausch and Hallwachs,^"’ and was further investigated by 
Polowzow^^® for non-electrolytes. It appears to be connected 
with the change of dielectric constant of a solvent with changing 
pressure, already noted. 

The case of formamide (c ^ 84) is of interest on account of 
the comparison afforded with water (e ^ 79), As solvents, the 
two liquids show great resemblance, and both cryoscopic and 
conductivity measurements have indicated that KI and 
N(C 2115)41 are about as highly ionized, other things being equal, 
in formamide as in water. 

Walden^’also studied the effect of the dielectric constant 
of a solvent on the association of the solute. It was found that 
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the degree of association increased with decreasing dielectric 
constant. 

vSchaefer and Schlundt^®^ found certain cases of apparent 
exception to the Thomson-Nernst rule connecting ionizing 
power and dielectric constants of solvents. It was found that 
the liquid hydrogen halides had low dielectric constants (chci 
4*6 at 277''C., and being lower still), although they 
possessed marked ionizing power for organic acids and alcohols. 
Palmer and Schlundt^^^ further investigated the cases of liquid 
anunonia, phosphine and stibine, and found that liquid ammonia 
possessed the highest value (e ^ 25*4). The decrease of 
dielectric constant with increasing molecular weight in the case 
of hydrides was thus confirmed. Liquid ammonia, having a 
relatively high dielectric constant and good ionizing capacity, 
provided a case where the Thomson-Nernst rule held very well. 
The authors added that, in view of the previous work on the 
hydrogen halides, such concord with the rule could not be safely 
predicted for liquid phosphine and stibine also. 

Two simple relations may be noted. Sachanov and Prsche- 
borowsky^®'** studied the conductivities of solutions in solvents of 
low dielectric constant, and found that a law of the type Xxf' — 
a constant held good, A being the conductivity and v tlie 
dilution. Walden^^^ found the ionic conductivities at infinite 
dilution of solutions examined to vary inversely as the viscosities 
of the solvents. 

Four further researches remain for brief notice. Williams 
and Allgeier^^^ studied the influence on e of changes of con¬ 
centration of benzoic acidy phenoly iodinCy antimony trichloridey 
tin tetraiodidCy and silver perchlorate in benzene solution. Haller 
and Ortloff^^® found decreased polarization in the case of 
solution of acetylcellulose in aniliney methyl acetatey toluidiney 
methyl glycolacetate and methyl glycol, Wyman has examined 
the dielectric constants of ampholytes forming zwitterions 
{glycinCy aniinobutyric acidy glycine peptides) in a variety of 
solvents {ethyl alcoholy ureUy glycine)y and finds that the dielectric 
constants of the solutions are practically additive properties of 
the constituents. In certain cases, evidence of compound forma¬ 
tion has been found in the behaviour of change of e with 
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concentration. Thus maxima occur at 50% concentration for 
phenol dissolved in quinoline, and for a-dinitrophenol in 
aniline 

The work reported in the present and preceding sub-sections 
reveals a considerable number of curious discrepancies between 
the experimental results of different observers. As noted 
previously, the results are sensitive to small temperature 
changes, and it may be that in some cases insufficient attention 
has been paid to thermostat control. Further development in 
this field must await the advent of more consistent experimental 
evidence. 

(E) Colloidal Solutions. In 1897, Drude^--** studied gelatine 
gels and found little variation in their dielectric constants 
compared with that of pure water. Fiirth,^^® in an investigation 
already noted, showed that gelatin and albumin solutions gave 
dielectric constants whose values diminished with increasing 
concentration. Walden^®® found that, for a given solute 
tetraisoamylammonium iodide, the tendency towards colloidal 
solution formation increased with decreasing dielectric constant 
of the solvent employed. Thus nitrobenzene (e = 35) gave an 
ionized solution, glacial acetic acid (e 6) and chloroform 
(e = 5) a molecular solution, and benzene (c =2-5) a colloidal 
solution of the salt of the ammonium base. KeUer^^^ deter¬ 
mined the dielectric constants of a number of colloidal solutions 
by Drude's method, and found the results to be sometimes 
abnormally high and sometimes abnormally low. Thus fresh 
blood serum gave a much higher value, whilst hydrated colloids, 
gelatin and albumin gave lower values, than water. The 
dielectric constant of a concentrated gold hydrosol was found to 
be € 60, and for a diluted sol, e == 72, Piekara^®® and 

Fricke,^®® however, report that the c's of gold sols are about 
equal to that of water. Potassium hydroxide in toluidine and 
hydrogen chloride in benzaldehyde were found by Keller to be 
molecularly dispersed and not ion-dispersed. In the former 
case, the particles were electronegative, and in the latter, 
electropositive. According to Werner's result that the ionizing 
capacity of a solvent varies directly as the cube of its dielectric 
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constant, the ionization of a salt in water to that of the same 
salt in benzaldehyde would stand in the approximate ratio 
8o^: I5^ or about 150 : i. 

Marinesco^®® pointed out that it is possible to deduce the 
molecular weights of dissolved proteins by considering their 
dielectric constants as a function of wave-length. It has been 
estimated by this method^^® that gelatin consists of molecules 
of different weights varying from 13,500 to 96,300. 

Further work on seralbumin,albumin,casein gel,^^^ 
gelatin, and various serums^^^ may be noted. Con¬ 
siderable divergence in dielectric behaviour is reported : thus, 
whilst seralbumin has e approximately equal to o, isoelectric 
sols of albumin and other proteins have higli e's, probably due 
to a preponderance of polar zwitterions. In the case of 
seralbumin, it is necessary to suppose that the reactive amino 
and carbonyl groups are symmetrically distributed on the 
surfaces of the colloidal particles. Casein gel shows increasing 
polarization with increasing water content, which may be 
ascribed to the formation of hollow spaces rich in water. 

The dielectric constants of sols containing rod-like particles 
showing double refraction have been investigated by Errera,^^^ 
Szegvari^^® and theoretically by Bikerman.^®'^ Frey^^® has also 
studied the double refraction of dispersoids in relation to the 
applicability of Wiener’s mixture rule. A noteworthy case is 
provided by vanadic pentoxide hydrosols, the dielectric constants 
of which are abnormally high, being sometimes as great as 800, 
and decreasing with increasing dilution. The dispersoid has 
high dipole moment,^causing orientation effects which vary 
regularly from place to place in the sol.* Fiirth and Biuh,^^*® 
using shorter wave-lengths than Errera, have shown that the 
dielectric constant of a freshly-prepared vanadic pentoxide sol 
is less, whilst that of a sol three years old is considerably greater, 
than that of water. It appears that the effect of ageing in 
these sols is to produce the rod-Uke structure and to increase the 
dielectric constant. Fricke^®® has advanced considerations 
against the rod-like particle theory, and holds that the 
important factor in increasing dielectric constants of sols is the 

* The dipole moment is of the order ^ = 415 Debye units. 
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entry of crystallization, which is responsible for the creation of 
new surfaces. Thorium hydroxide sols have e's much greater 
than that of water. 

The phenomenon of thixotropy, whereby sols set in certain 
circumstances into jelly-like masses, has also been considered 
from the standpoint of dielectric constant. Vanadic pentoxide 
sols rendered thixotropic by sodium chloride,^^^^ stannic 
acids sols treated with increasing amounts of hydrochloric acid 
causing setting,^®® have decreased dielectric constant. The 
opposite appears to be true of gelatin sols}^^ Thixotropy may 
be possibly accounted for by the formation of chains of water 
molecules, tending to link neighbouring colloidal particles 
together. 201 On the rod theory, it would appear that in the 
thixotropic state the rods are partly held by these chains, so 
that they are not readily orientated by an applied field. Tliis 
would account for the observed decreased dielectric constants. 

Errera^®^ has studied the influence of ageing on the stabilities 
of HgS, CuS and Pt alcosols, in relation to their stabilities in 
dispersion media of varying dielectric constants. Addition of 
substances having a higher dielectric constant than the solvent 
has no coagulating influence ; whilst addition of bodies having 
a lower dielectric constant than the solvent causes coagulation, 
in increasing degree as the difference in dielectric constants 
increases. 

Millikan^^** tested the validity of Wiener's additive rule in the 
case of emidsions of water in a mixture of carbon tetrachloride and 
benzene. It was found that by making an approximation 
owing to the relatively high value of the dielectric constant of 
water, the relation held to within i% of the observed values. 

Piekara^®^ has found that the dielectric constants of fine 
particle emulsions are not in good agreement with the require¬ 
ments of an extended Clausius-Mosotti formula. The impor¬ 
tance of sizes of particles and the extent and nature of their 
surfaces is emphasized. It is suggested that the changes of 
dielectric constants with particle size may be connected with 
adsorption at surfaces, the field at the exterior of particles being 
different from that in the interior. 

Further work includes measurements of the e's of colloidal 
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solutions of diamine blue, diamine black and methylene blue^^^^ 
of acetylcellulose in methylglycol acetate, methyl glycol, diacetone 
alcohol, ethylacetoglycollate, and of polyindenes and poly- 
styroles.^^'^ In the cases of the last-named types of high 
molecular weight, the polarizations show maxima in the more 
highly-dispersed colloidal region, whilst the dipole moment 
increases with increasing molecular weight. 

Two papers relating to the orientation of colloidal particles in 
an alternating field are worthy of notice. By the method of 
calculating molecular weights from data of change of e with 
frequency, it is found possible to distinguish between mono- 
disperse (equal-sized particle) and poly-disperse (different-sized 
particle) systems.A new expression is developed for relaxion 
time,and it is shown that the behaviour, predicted by 
Wagner, for an assemblage of spheres having different con¬ 
ductivities may result in a poly-disperse system. The impor¬ 
tance of particle size and distribution in size becomes clear. 

(V) Liquid Crystals. Lehmann-^® characterized liquid 
crystals as substances of high molecular weight intermediate in 
nature between truly amorphous liquids and crystalline solids. 
Bose^^^ interpreted the phenomenon by a tendency, associated 
with double refraction, to parallel orientation on the part of the 
molecules concerned. Jezewski^^^ and Kast-^^ investigated the 
connection between dielectric constant of liquid crystals and 
their orientation in a magnetic field (sec this vol. : 15D). Kast 
found that this group of substances might be divided into two 
classes, according as the long axes of the molecules were the 
directions of least or greatest dielectric constant. Ornstein^^^ 
obtained results in general agreement with those of Kast. The 
two classes named correspond to symmetrical and unsym- 
metrical molecules respectively; for the former class, e 
decreases, and for the latter, € increases with increasing 
magnetic field, when the substances are examined in the melted 
condition. 

The X-ray photographs of liquid crystals in an alternating 
field, as well as measurements of dielectric losses, prove the 
existence of a critical frequency at which anomalous dispersion 

243 



THE FINE STRUCTURE OF MATTER [x 28 Aa 

sets in (see section 27AC above).This critical frequency is 
sensitive to changes in temperature^^* and to the presence of 
impurities. 217 The dielectric losses in ^-a%oxyanisoU give a 
large temperature gradient, involving difficulties with Debye's 
frictional theory of anomalous dispersion. 21* 

The swarm theory of liquid crystals (see this vol. : 15D), as 
developed by Kast and Ornstein, involves groups each contain¬ 
ing perhaps 10® molecules. 2 i®> 2 i 6 molecules within any 

given swarm lie parallel, but the swarms themselves are 
normally distributed at random, so that the whole is anivso- 
tropic. The complete alignment of the swarms with an applied 
alternating electric field occurs at the critical frequency 
mentioned above. The rotation moments are large, and about 
10® times the molecular moment.2^^’2i6 Dielectric measure¬ 
ments in ^-azoxyanisole and benzophenone show that immediately 
prior to fusion the swarms are in a state of quickly-changing 
dimensions.2^® Further information is available in the literature 
cited. 


28 . The Dielectric Constants of Solids 

(A) Experimental Data, (a) Inorganic Substances, d'he 
more recent results on the dielectric constants of solids include 
measurements on the following :— 7 ^^ 227 , 229,235 > Oxides (MO 
type) of Mg,224.237 Cu,232 Sn,237 Hg,237 Pb,237 (M^Oa type) of A1,224 
Cr,224 Sb,224 Bi,224 (MOg type) of Ti,228*22U,237 Zr,224.237 Ba,224 
Ce,224 Th,224 (other types) Ag 20 , 2*2 Sb 20 ^, 224 , TaaO^, 224.237 W03,237 
UaOg ;227 Fluorides of Li,222.229 ^a, 222.229 ^,229 ^^,220 Mg, 228.229 

Ca,228.229 Sr,223'229 3^,228^229 ^^ 229 Qq 229 Nf ;229 ChlorUcS of 

Lj^225,229 ]SJ3^ 222,226,229,232 J{^^222,226,229,232,237 3^,222.226,229,232 05^226,232 
X] 222,237 Sr,237 Pb ;237 BromUeS of Li,223.229 Na,222.223,229 3^222,229 
3b,222.229,232 05^232 JI ;222 JodidCS Of Li,223.229 Na,223>229 3^222.229 

3b, 222 . 229,232 05-232 CurbonuteS of Li ,225 Na ,225 K ,225 Rb ,225 
Cs,225 Be,225 Mg,225.231 0^^226,231 Sr,*25 Ba,225.231 Mn,231 Zn,**! 
Pb ;231 mtrates of Na ,225 3,225 0^^225,229,231 Sr, 225 . 229,231 

Ba, 225 . 229 , 23 i pb ; 229 , 23 i Sulphutcs of Sr,**! Ba,**! Pb ; 2 *! Cupric 
sulphate pentahydrate ,*22 9,231 Sodium thiosulphate penta- 
hydrate ; 229 , 23 i Jlormal and acid phosphates of Na,**? 3 ^223,237 
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Dihydrogen arsenates of K ,*228.237 Arsenites of Na,®®’ K 

the sulphide,chlorate,^^'^ brornate,iodate,^^^ cyanide^^^ and 
thiocyanate^^^ of potassium ; Platinocyanides of Ca,®®^ 

Sr, 2 ®i Ba, 23 i Yt ;2®® Rochelle salt ; 22 i. 229 . 233 . 234.236 Calcium 
tungstate ;®®’ The alums ;2®® Hydrocyanic^^^ and Silicic'^^^ 
acids : Glass^^^’^^^ and Porcelain, 

(b) Organic Substances, Methyl chloride ;®®® Methylene 
chloride ;®®® Methyl bromide ;®®® Methyl iodide z^®® Carbon 
tetrachloride ;®®® Benzene ;®®® Bakelite,'^^^ Keramot,^^^ Ebonite, 
Paxolin,^^^ Millboard,RubberChlorinated diphenyls, 
Sugar,^^^ Starch,^^^ Broim char coal,Tobacco,^^^ Cellophane^^^ 
and Cellulose acetate, 

(B) Influence of Conditions. The dielectric constant of a 
solid is less for the powdered than for the compact state. 
Results obtained by Baumann are recorded by Heydweiller.®^^ 

The influence of temperature was studied by Joachim,®^® who 
obtained constant cs between 17° and — i8o"'C. for powdered 
sulphur, ammonium sulphate, mercuric chloride and cyanide, and 
lead chloride. Dieterich®^’ found, however, that the available 
data on solids indicated a small positive temperature coefficient. 
Further measurements on fluorspar, gypsum and glass yielded 
temperature coefficients of 2*05, 3*75 and 1-37 X io~‘* 
respectively, whilst the value for quartz was very small indeed. 
Bretscher®^ has discussed the temperature variation in the case 
of ionic crystals; the predictions of theory are not fulfilled in 
the cases of sodium chloride and calcium fluoride. This may be 
in part attributed to the incorrectness of the Born type of 
potential function (see VoL i : 19A). 

In general, a discontinuous change in e occurs when a 
substance passes from the liquid to the solid state (see Vol. i : 
15).’® Errera®®® has .concluded that liquids containing non¬ 
polar molecules, for example, benzene, hexane, ^-dichlorobenzene 
and titanic chloride, have increased c on solidification, whilst the 
reverse occurs for frequencies at which the dipoles continue to 
oscillate in the case of polar liquids, for example, water, nitro- 
methane, methyl cyanide and nitrobenzene. The dielectric con¬ 
stant of phosphorus pentachloride rises on solidification.®^® In 
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the cases of hydrogen chloride,bromidc^^^ and iodide, for 
some distance below the melting point, the solid molecules 
appear to orientate themselves in an applied field to about the 
same extent as in the corresponding liquid states, after which e 
drops suddenly within 0‘i°C. The transition temperatures 
between different modifications are clearly shown by breaks in 
the e curves. It has been shown in the laboratory of Kamer- 
lingh-Onnes^ that in the case of solid hydrogen a maximum c is 
reached at the melting point, as in Table XXXV. 


Tap.L ie XXXV.~DIELECTRIC CONSTANTS OF JJQUIT) AND SOLID 

HVDi^OGEN. 


Liquid Hydrogen 

Solid Hydrogen 

} Tessure 

'reipppiatiirc 


ITessure 

Toinjierature 


(mni. Hg) 

(’K) 

€ 

(mm. Hg) 

(' K) 

€ 

755 

20-33 

J-J 25 

5 «'^ 

14-0 

r-j.pS 

357 

18-05 

1 

42 

1 

13\5 

1 

T -224 

80 

1 

14-01 

1 

35 

1 

1 

i3'3 1 

1-2 12 




32 i 

... 1 

13-2 

1-211 


An interesting case is provided by solids having highly viscous 
liquids. For example, glucose^^^ shows no discontinuity in e on 
passing from viscous liquid to solid state. Similar results are 
recorded for borate glasses. 

Evidence of compound formation may sometimes be gained 
from a study of the variation of e with composition ; thus 
Lowry and Jessop^^a found a pronounced maximum at the 
composition corresponding to SCI4 in the case of solid sulphur- 
chlorine systems. Glasses^^^ show increasing e with increasing 
metallic oxide content relatively to silica. Rubber-^^ is found 
to give a maximum e for 11-5% sulphur, falling to a minimum 
at 22%S, and rising again up to 32%S. In the alums, e 
appears to be a measure of the force by which HgO is held by 
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the solid : thus it is greatest when the atomic volume of the 
replaceable metal is least. 

Gudden and PohP^s found that light falling upon phos¬ 
phorescent Sidot blende (zinc sulphide containing a minute trace 
of copper) was accompanied by an increase in dielectric con¬ 
stant, This effect is apparently connected with the displace¬ 
ment of electrons from copper to sulphur under the influence of 
light, the return of these electrons being responsible for the 
pliosphoresccnt properties of the substance, in accordance with 
Lenard's view. It may be supposed that the shifting of 
electrons increases the polarization of tlie substance and thereby 
the dielectric constant is also increased. The effect was further 
investigated by Moltlian,^®^ who found that with decreasing 
wave-lengths the raising of e by light was diminished. Wilde^*'*-''* 
found that the effect reached a maximum at about 140 
Herweg^^® further studied the temperature influence, and the 
effect of varying electric fields. 

A few further results may be noted. Gu^ben^'''^’ showed that 
irradiation of thin layers of solid dielectrics with rays from 
radium bromide appeared to produce no change in €, to 
within 1 part in 1,000. Layers of aluminium oxide, antimony 
teiroxide, bismuth trioxide, and zirconium oxide'^'^^ have e 
independent of field intensity up to 12 X 10 volts per cm. 
Ebonite, vulcanite and^/ass^ss show strongly-marked maxima in 
the wave-length region 200 to 1,000 metres. The dielectric 
losses and power factor of sodium chloride'^^^ have been studied. 
The presence of moisture is found to increase the power factor. 

(C) Additivity Rules. Heydweiller^^^ attempted to apply 
Wiener's formula (this vol. : 27B), putting u = 4, to salt 
hydrates where the dielectric constants were known for the 
anhydrous and hydrated salts, and thus to determine the e of 
water in such cases. It was also found that PdjM was approxi¬ 
mately twice RdjM (see equations (4) and (6) of this chapter) 
for many salts examined. Molecular refraction corresponds to 
electron polarization, whose absorption region is in the visible 
and ultra-violet, whilst molecular polarization corresponds to 
atom polarization in the infra-red. It thus appeared that 
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electron and atom polarization were about the same in these 
cases. 

John^®^ studied the applicability of Wiener’s rule to mixtures 
of air and solid bodies of known shape, for example, brass 
spheres or rubber cubes. Stoecker^®^ carried out a similar 
investigation on mixtures of potassium chloride and air. 

Tausz and Rumm^^^ studied e’s of hydrated materials, and 
found a logarithmic mixture rule for the solid and air to be 
applicable. The e’s increase with increasing water content, and 
show increasing variability with temperature, as illustrated, for 
example, by dried and hydrated silicic acid. Further, for the 
same water content, different specimens of starch gave different 
e’s. This was attributed to varying proportions of '' movable ” 
water, having high 6, and fixed ” water, having lower e. 

(D) Nature of Dielectric Polarization in Solids. Lydia 
Inge and Walther^®'*^ placed a crystal of sodium chloride between 
a point and a plane electrode under oil, and subjected it to 
surge ” potential of short duration. It was found that the 
discharges took place along certain preferred directions, running 
from the point in the surface in the directions of the four 
diagonals of the crystal cube. 

Murphy and Lowryhold that in solid dielectrics direct 
current conduction takes place along a system of channels of 
sub-microscopic size (compare SmekaFs theory of crystals in 
Vol. 1 : 21C). Dielectric loss, associated with electrical energy 
converted into heat, takes place on account of free ions, 
adsorbed ions or polarization of molecules, and the authors 
discuss the possible mechanism of the process. Williams^®^ has 
considered the channel conduction theory in relation to the 
micelles existing in cellulose, silk and tissue (this vol. : 17), and 
concludes that conduction is due to ionic processes operating 
between fibres and chains. Similar views are expressed by 
Stoops.X-rays 2 ®®’ 267 , 2 e 8,269 have been applied to the pro¬ 
blem, with the general conclusion that the passage of electricity 
through solid dielectrics must be associated with conduction by 
ions. Experiments have been undertaken in this connection on 
ceresine and paraffin wax. 
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Errera and co-workers have carried out a large amount of 
work on the dielectric properties of the solid state, with special 
reference to polar crystals. A summary of the position is due 
to Errera. 22 Errera and Sack^^s divide solid dielectrics into 
three classes : typically polar lattices, molecular lattices, and 
polar lattices having dipole moment. In the last-named case, 
exemplified by ice and Rochelle salt, the dipoles are apparently 
free to rotate in the solid state. Errera's work is further 
considered in this Vol.: 34A. A bibliography of work on e's, 
dielectric losses and allied subjects from 1931 to 1934 may be 
noted. 

The results recorded in the present chapter consist of an 
array of experimental facts which appear largely unco-ordinated. 
11 soon becomes clear that dielectric constants are less important 
theoretically than the corresponding molecular polarizations 
(derived by equation (4) ). Moreover, molecular polarization 
itself, in general, is complex, and may consist of three parts, 
termed electron, atom and orientation polarizations, each 
superimposed upon the others, llie distribution between the 
separate parts may be more important than the total polariza¬ 
tion. It need not appear very surprising, therefore, if no clear 
relations are found between dielectric constant and molecular 
constitution. Regularities appear when the parts are treated 
separately. These and kindred matters form the subject of the 
chapters immediately following. 
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CHAPTER XI 


THE DEBYE THEORY OF POLARIZATION 

29. The Clausius-Mosotti Function 

In ordinary circumstances, unpolarized matter may be regarded 
as electrically homogeneous. Polarization involves the intro¬ 
duction of inhomogeneity into a system, such as the displace¬ 
ment of positive and negative charges relative to each other. 

Tlie Clausius-Mosotti polarization formula is here deduced by 
the '' cavity '' method/’^ according to the classical theory, 
prior to the work of Debye. 

Let us consider a dielectric medium to which an external field 
may be applied (Figure LXV). The field corresponds to a 
positive charge on a plate A, and a negative charge on plate B, 
the field direction being from A to B. Polarization by induction 
causes the molecules of the dielectric to form into chains as 
diagrammatically represented. According to the classical 
procedure, two cases arc considered :■— 

(a) A long cylindrical cavity is chosen in the medium, 
assumed to be of infinite length and infinitely small cross-section. 
This is represented by C in Figure LXV. The choice of this 
cavity is such that no molecules of the medium are included in 
it, and the field acting in it is that which would operate if the 
effect of the medium were eliminated. The force on a unit 
charge within this cavity is represented by E, which is the same 
as the intensity of the internal field in the case where matter is 
absent, the internal field being equal to the applied external 
field. 

(b) An infinitely narrow section D of unlimited area of cross- 
section is chosen, again in such a way that no molecules are 
included between the imaginary plates delimiting the section, 
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The field, or force on unit charge, between the plates is now’ not 
equal to £, for the induced charges on the plates must be taken 
into account. This field is represented by D, sometimes called 
the ‘‘ electric displacement/' 

Let n be the number of molecules per unit volume of the 
medium, and let be the polarization or induced electric 
moment of unit volume. Then the field in case (b) above due 


A 

D 

B 

0 0 0 

0 0 0 
c 

00 0 

0 0 0 


Field direction 

Figure LXV.—Effect of External Field on a 
Dielectric Medium. 


to the surface charges on the plates is given, according to Gauss' 
theorem, by 477P,,, so that 

. (I) 

Moreover, the ratio DfE is that of the field in the cavity D of 
Figure LXV with the medium present to the field with the 
medium removed. This ratio, according to Maxwell, is equal 
to the dielectric constant 6, so that 

(2) 
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This result may be compared with the equation B = /tH in the 
corresponding magnetic case (see Vol. i: 24B). 

Now owing to the mutual interaction of the molecules of the 
medium, the field acting on a molecule is greater than E, and 
may be represented by F. Then, with certain assumptions, in 
accordance with the classical theory,® 

F = E . ^ 3 ) 

3 

The field F is responsible for setting up the induced molecular 
moment m. The polarizability a being defined as the moment 
induced by unit field, it follows that 


m = aF . ( 4 ) 

Also, by the definition of P,„ 

P„ = m-n . (5) 


From (i) and (2), eliminating D, 
£(e-l) 


*P„ = 


( 6 ) 


477 


Also from (4) and (5), 

= aFn, 

whence, using (3), 


Pn = na[E +~7rPJ, 


which leads to 


P. = 


naE 


I •— ^TTfla 

Thus, equating the values of P,, given by (6) and (7), 


(7) 


whence 


and 


e — I 

^ 7 T 


e — I 


na 

I — iiryia. 


-}^7rna 

I — tirfla 


e I 4 

-= —TT^a 

€ + 2 3 


( 8 ) 


so that the function on the left-hand side of (8) is equated to a 
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term which involves constants depending on the dielectric only, 
and should be independent of temperature. This expression 
involves n, the number of molecules in ic.c., which is directly 
proportional to the density of the dielectric medium. Multiply¬ 
ing both sides of (8) by the molecular volume V ~ M/d = Njn, 
where M is the molecular weight of the dielectric, d the density, 
and N is Avogadro*s number, the following expression is 
reached for the molecular polarization P (compare equation (4) 
of Chapter X) : 

^ — T M 4 , 

P = -;-- = - 7r iVa = 2*54 X lO^^a- (9) 

This is the Clausius-Mosotti relationship, fundamental to the 
present discussion. Perhaps the only seriously doubtful part 
of the argument lies in the derivation of equation (3), here 
omitted, and in the true interpretation of F. According to 
Keyes and Kirkwood,^ the Clausius-Mosotti function is not 
quite independent of density, and, whilst furnishing a good and 
useful approximation, is not in exact agreement with the facts 
except in the limiting case of infinitely low density. An 
amended formula is proposed. 

In the case of gases, e does not differ greatly from e i. 
Here the denominator of the function (e — i)/(e + 2) may be 
written as equal to 3, giving, according to equation (9), 

3P = (6 -l)-^=4^iVa . (10) 


Further, in the general case, the electric moment for unit field F 
is given, according to (4) and (5), by the expression 


P 


V\ 


— na ~ 


3 " I 

47 r € -f" 2 


(ii) 


If the induced moment m corresponds to the separation of 
charges e by a distance equal to s, 

m = s-e . (12) 

In the case of infinitely long waves (static fields), the molecular 
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polarization may be represented by P^y Here, within the 
limits of Maxwell's relation the molecular refraction R 

may be written 


— 1 M 
+ 2 d 


— a 

3 


(^ 3 ) 


where r is the index of refraction for infinitely long waves. It 
often happens that Maxwell's relation does not hold, however. 
This case is discussed below. 



Figure LXVI.— Curves showing Variation of Specific Polarization with 
Dielectric Constant, and of Specific Refraction with Index of 
Refraction. Both curves become asymptotic to the line on the extreme 
right of the Figure as the dielectric constant and index of refraction respec¬ 
tively approach infinity. 

The function (e — i)/(e + 2) may be termed the specific 
polarization 77 , and it is of interest to note in what way this 
and the corresponding specific refraction vary with e and r 
respectively. The curves are shown in Figure LXVI. It is 
seen that for small values of e, 77 changes rapidly with changes 
of e ; for values of e between 10 and 00 , 77 varies from 0-75 to 
I, the curve becoming asymptotic to the 77 = i line. Here 
changes in e produce little effect upon 77 . It is nevertheless 
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true that U alwayvS increases as e increases. In the specific 
refraction curve, the same considerations hold, but the effects 
are more pronounced, the function changing more rapidly for 
lower values, and more slowly than in the case of the dielectric 
constant curve for higher values of r. 

It may also be noted that the quantities designated by P„ and 
P in the above argument are different in nature and have 
different dimensions. varies with the external field 

(equation (6) ), whilst P should be independent of field (equation 
(9) ). Moreover, P has the dimensions of Mjd, that is, of 
volume ; whilst P„ has the dimensions of electric moment (or 
charge times length) per unit volume (equation (5) ). The 
relation between the two quantities is given, according to (4), 
(5) and (9) by 


Pj, _ 3 ^ 

> ■■■ ■ 47r'M' 


(14) 


It is observed that combination of (9) and (14) for the case 
P = I leads to the value of P„^ given in equation (ii). 

W. L. Bragg^ summarizes the effect of radiation in polarizing 
matter in the following way : '' According to the electro¬ 
magnetic theory of light, the retardation of light passing into a 
medium from space is due to the electric polarization of the 
atoms of the medium under the influence of the light wave. 
The greater the total electrical moment per unit volume pro¬ 
duced by the wave, the slower it travels, and the higher is its 
refractive index.'' 


30. The Evidence for Permanent Molecular Moment 

The considerations advanced in the preceding section refer to 
the case of molecular moment induced by an external field. It 
is now necessary to examine three lines of evidence for the 
existence of '' polar molecules," having intrinsic or permanent 
electric moment, related in some way to their normal structure 
in the absence of an applied external field. 

(A) Polarization and Refractivity. So long as the Max¬ 
well relation c == r is fulfilled, then P given by (9) is equal to 
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R given by (13), and it is then possible to calculate values of the 
polarizabilities a of atoms, ions and groups from measurements 
of the refractive indices r of different substances. This arises 
from the fact that in such cases molecular refraction R is found 
to be an additive and constitutive property, so that definite 
refraction allotments can be made to the individual atoms or 
atomic groups constituting a molecule. Heydweiller® made 
measurements of the refractive indices of solutions, and 
Spangenberg^ of solid salts of the alkali halide series. These 
results were utilized by Fajans and Joos® and by Born and 
Heisenberg^ to calculate the refractions and polarizabilities of 
inert gas-like ions. Debye gave the following Table XXXVI 
of ionic refractions (see the book : Polar Molecules). 

The measurements of Wasastjerna were made on solutions, 
whilst the refractivities of Fajans and Joos are for the 
free gas ions. 


Table XXX\ [.--J<r:FRACTtVnTES OF INERT (FVSES AND RIlLATIiD 

IONS. 


\\', WasasIjriiKi I' j- I’ajaiis .111(1 Ji)(»s. 



\v 


W 

rj 


W 

10 

i 1 

1 W j I'-J 

j W 1 I'M 

1 1 

0 -- 

.j -0 () 

V 


- •'< i 

Nc 

I •i)j 

1 ■()() 

nh I j o-r.i 1 0-50 

1 0 -.J 4 i 

S “ i 


Cl 


<) ’OO 

A 


4-40 

KH- I 2 cS 5 j 4-43 

Ca 1 1 j J ()<) j 



Br - 

II‘84 1 

i.’-o; 

Ivr 1 

6-1-’ 1 

1 , 

Kb'l- j 4 ' 4 rj 3-58 

Sr’* 1 44 1 


1 

I 

1 

I 

1 

J_! 

19-J4 

Xe 

_1 

10-SO 

L , .J 

I ()-44 

j 7-36 ! r)-4.i 

ICi'I H- I 5-4 1 1-8 

j 1 


From these refractivities, the polarizabilities of the ions may be 
calculated using (13), by which a ^RI^ttN, or 0*394 X io~^^R, 
inserting the values N ^ 6*o6 X lo^^ and tt ~ 3-14. This 
gives, for example, the polarizability of the fluorine ion F" as 
0*87 X io~^^ (see Table XXXVII). Bom and Heisenberg^ 
evaluated the polarizabilities of Li*^, Na'^ and as 0*075, o*2i 
and 0*87 X 10 24 from the theory of spectra, in connection with 
the effect of the deformabilities of ions on the Rydberg constant. 
From these numbers, other values were obtained by difference 
from Spangenberg's measurements. The deformabilities of the 
inert gases were calculated by means of the Lorenz-Lorentz 
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formula, using the indices of refraction taken from tables and 
extrapolated to infinite wave-length. Mayer^® calculated the 
polarizabilities of ions of rare gas type by the method of Born 
and Heisenberg, using corrections for penetration and higher 
order deformation of ions, with the result that the values for 
positive ions were found to be lower, and for negative ions 
higlier, than had been previously assumed. Schoppe,^^ follow¬ 
ing the method of Herzfeld and Wolf,^^ obtained results in 
essential agreement with those of Mayer in the case of univalent 
positive ions. The results are collected in Table XXXVII. 


Table XXXVir.--POr.AKlZABIF/ITIES OF lNJ^:Ja' OASES AND 
RELA'J'KD IONS. (xio24.) 

W Wasastjcrua. liH Bom and Heisenberg. M Mayer. S Schoppc. 



w 


VV 

BH 

M 


w 

.... 

BH 


W 

BH 

M 

s 


W 

BH 







He 


0*2f 

Li-'- 


0 * 0/5 

O-OJf) 
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Nc 
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0-39 
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0-18 
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0-15 

Mg-b ! 
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3’.33 
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, 1 '05 

1-63 

K-l- 
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1 0-87 
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[ 0-74 
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I<h+ 
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.•42 

[1*38 
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6-01 

Xe 1 

2 ■'>3 
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1^'79 


^•38 

Ba 1 T 
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A 1 + + + 

(HH) o-or>5 

Si- 1 - -b H- + (BH) 0-043 






Born and Heisenberg used their values of a in connection with 
(i) effective nuclear charges of inert gas-like ions, and (ii) the 
vaporization heats of the alkali halide salts. With regard to 
(i), a relation of the type a = C{Z —Sp)"^ was found to fit the 
facts, C and Sp being constants for a given set of ions having the 
same number of outer electrons, for example, in the series 
F", Ne, Na*', Mg++, Al-^++, Si+ f ^ . The quantity Z - Sp 
measured the effective nuclear charge, the shielding constant 
Sp due to the outer electrons being taken as O for the He(“K''), 
6 for the Ne(“ L 13 for the M 28 for the Kr(^^ N 
and 46 for the X(“ O series. When log(Z — Sp) was plotted 
against log a on a graph diagram, linear relationships were found 
for each set of ions, as shown in Figure LXVII. The question 
raised under (ii) above is mentioned in relation to the boiling 
points of the alkali halides (see Section 9A). Born and Heisen¬ 
berg considered the energy necessary for building up the vapour 
molecule from the free ions. This equals — 7 , where V, the 
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heat of formation of one gram-molecule of vapour from the free 
gas ions, is a function of the deformabilities of the ions. The 
value of — F is given by the sum of a number of terms, 
representing (a) the potential energy of the two ions (negative 
attractive term —e^jr and positive repulsive term ; 

(b) the energy of setting up dipoles in the ions plus 

where Wg are the induced dipole moments, and 
aj, ao are tlie polarizabilities of the ions) ; (c) the attraction 
between the charges of the ions and the induced dipoles 



Figure LXVII. —Relationship between the Logarithm of 
Effective Nuclear Charge of Ions of the same type and the 
Logarithm of Polarizability. Ions of the same type have the 
same number of extranuclear electrons, as in the series Na+, Ne 
(inert gas), F — and O-. 


(negative terms —eniilr^,-- emjr^) ; (d) the term representing 
the interaction of the dipoles (negative, equal to 
For the derivation of these terms, see the appendix to Chapter 
XIV, where it is shown that the potential energy of a dipole is 
—m72a, so that the work done in setting up a dipole is the 
same quantity with sign reversed. Manipulation of the sum¬ 
mation of these terms then leads to an expression for V in terms 
of a, and ttj and other constants, so that V can be calculated. 

263 




THE FINE STRUCTURE OF MATTER [xi 3 OA 

The lattice energies of the alkali halides U had also been found, 
in connection with Born's lattice theory. Now, according to 
the theory outlined in Vol. i : 13, the energy difference U ~~ V 
should be equal to the sublimation heat 5 . The values of 
U — V are compared with von Wartenberg's experimental 
values for the vaporization heat values for Q (see Vol. i : 
Table XIX). The agreement is seen to be generally good 
(Table XXXVIII). The widest divergences occur for the 
ca-sium salts. 

Table XXXVIII.—DKiaVATiON OF HEATS Ob' SUBLIMATION FROM 
POLAJOZABILITIES. 

Born and Heisenberg used von Wartenberg's values of Q, the licats of 
volatilization and not his estimates of 5, the heats of sublimation. 
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The above considerations apply to the inert gas-like ions, for 
which the rule of additivity of molecular refraction holds 
particularly weU ; in other cases, the Maxwell relation e ~ 
breaks down, and the additivity rule also. In illustration, 
oxygen and ammonia gases may be compared. Thus, for 
oxygen at N.T.P., e — i — 0*000543, — i approxi¬ 

mately ^ 0*00053, showing that the rule is applicable. For 
ammonia under the same conditions, c — i 0*0084, whilst 
~ I 0*00074. The additivity rule for molecular 
refraction also breaks down for ammonia ; thus, /?nh 3 f>3 c.c., 

2*16 and Rn == 1*02, so that R^hs according to the 
additivity rule should be R^i + sRu, or 2*16 + (3 X 1*02) ^ 
5*22. Similar results are found in the case of the hydrogen 
halides,for which apparent polarizabilities " of the negative 
ions (a' and a") have been calculated (this vol.: 42A). Such 
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anomalous molecular refraction for ammonia, the hydrogen 
halides, and other cases requires special explanation, which is 
found by considering these molecules as possessing permanent 
electric moment. This line of argument provides the first link 
in the evidence for the existence of polar molecules. 

(B) Polarization and True Molecular Volume. It has 

been observed that molecular polarization P and polarizability 
a, in agreement with equation (9), have dimensions of volume. 
According to the earlier interpretation of polarizability, if a 
molecule is treated as a conductive sphere of radius r in a field 



Figukk LXVIII.—Shift of a Bohr Circular Orbit under a Field at Right 
Angles to its Plane. 


whose intensity is F, then it assumes a moment m induced by 
the field given by 

m = r^F . (15) 

Comparing (4) and (15), a ™ so that the molecular polariza¬ 
tion P is measured by which is equal to the true volume 

of the molecules in one gram-molecule of substance, since 
is the volume of a sphere of radius r, 

A proof of the relation (15) in the particular case of the shift 
of a Bohr hydrogen circular orbit by a field acting at right 
angles to the plane of the orbit is usually given somewhat as 
follows. In Figure LXVIII, let the field F act in the direction 
AB, causing a shift in the position of the orbit through a 
distance s in the direction marked by the arrow, the nucleus 
remaining at B, and the electron circulating in the orbit whose 
centre is at A. The effect is to set up a dipole having charges 
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+e, —e at B and A respectively, with resultant dipole moment 
m given by 

m e.s ^ a.F . (16) 

The circulating electron, however, is never at A, but occupies 
positions such as C. The force due to the field, namely e.F, 
may then be equated to the resolved part of the Coulomb field 
acting in the opposite direction between A and B. This is given 

p2 A 2 AFi 

by -- - -cosCBA or . But the shift AB - s will be small 
BC^ BC3 


Table XXXIX.—RET.ATION BETWEEN TRUE MOLJCCUI.A]^ 
VOLUMES AND POT.ARIZABILITIES. 


Molecules of Class 1 

Molecules of Class If 

Molecule 

bj^ 

p 

Molecule 


P 


4 -T 

2*0 

Nil 3 

8*8 

57 

A 

8-0 

4*2 

C.H^Cl 

22*0 

IK) 

C2H4 

-o 

9*4 

H,S 

7.9 

30 


36-0 

26*0 





compared with the radius of the orbit AC, so that BC may be 
put equal to AC with sufficient approximation, whence 

e^,AB 

e.F == - 

AC^ 

which gives 

F.AO =^e.s . (17) 

Comparing (i6) and (17), a = AC^ the cube of the radius of the 
orbit. Hence, putting AC == r, equation (15) follows at once. 

Assuming then that molecular polarization should be a 
measure of true molecular volume, it is possible to compare P 
with estimates of the volumes of molecules in a gram-molecule 
of substance (calculated from 6/4, where b is the second constant 
occurring in van der Waals' gas equation). It is then found 
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that in certain cases the agreement lies within the experimental 
error, whilst in others there is complete disagreement, as shown 
in Table XXXIX. 

The figures of Table XXXIX provide a second argument in 
fervour of the existence of two kinds of molecule. It is sug¬ 
gested in Debye's theory that the molecules of Class II are 
characterized by permanent electric moment. Ammonia again 
falls into the group showing abnormality. 

(C) Polarization and Temperature* According to the 
theory outlined in Section 29 above, molecular polarization 
should be independent of temperature change. In Chapter X, 
various results are recorded in complete disagreement with this 
view. In cases where discrepancies occur, however, it is found 
that, in general, a relation of the type of equation (8) of Chapter 
X accounts for the facts very well. 

Debye^'^^ introduced the theory of molecules possessing per¬ 
manent electric moment as an explanation of this difficulty and 
of those noticed above. Certain molecules, sucli as NH3 and 
HgO, have an irregular distribution of positive and negative 
charges in such a way that the centres of gravity of the opposite 
charges do not coincide, this being an intrinsic property of such 
molecules and independent of external fields. The separation 
between the positive and negative centres is the dipole 
distance " d, so that the intrinsic moment \x is equal to the 
product of the electronic charge with d, Debye considers the 
effect of an external field upon a gaseous system containing such 
polar molecules. The tendency will be for the molecules to 
orientate themselves along the field direction, but this is 
resisted by their thermal agitation which is more pronounced at 
high temperatures. When the field is produced between 
condenser plates, only those molecules which are sufficiently 
near to the electrodes will be completely orientated (Figure 
LXIX) ; similar considerations apply to the field in the neigh¬ 
bourhood of a gas ion. Treating the molecules as rigid systems 
of charges, by a statistical argument, it is found that an effective 
dipole moment equal to ^^Fj^kT is set up in the field direction, 
as in the magnetic case (equation (9) of Vol. i: 27A). The 
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molecules are not, however, generally rigid, and thus the 
polarization term associated with a must be added to the term 
connected with permanent electric moment. This yields the 
following expression for molecular polarization : 


e - i -M 
€ + 2 d 




where k is Boltzmann's constant (i *37 x io~^® erg per degree per 
molecule). This relationship is of the form of equation (8), 


- O - '< 2^.0 

-f" 0+ ^ -Q* — 

-Q* -Q* 

Figure LXIX.—Orientation of Polar Molecules in an Electric Field. 


corresponding to decreasing orientation polarization " with 

increasing temperature. Equation (18) represents as 

e 4 - 2 

linear with the absolute temperature T. According to Gans and 
Isnardi,^®’^® this only holds in the limiting case of high tem¬ 
perature and low density. A more complicated expression is 
developed by a statistical argument for ordinary conditions, 
according to which 


where 


e-lM 
€ + 2'd 


■|jriVa + Mp{r) 


T Vi — yd 
B’ Vd 


(19) 

( 20 ) 


where A, B and y are molecular constants, and curves are given 
showing the relation between f(T) and t. According to this 
extension of the Debye theory, the function (e — i) 7 '/(e + '2)d 
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is linear with TjVd, or, more accurately, with T Vi — ydl^d. 
The constant A involves M in the denominator, so that M 
disappears from the second term of (19). 

Experimental data on the variation of molecular polarization 
with temperature has been provided by numerous workers 
already mentioned, Abegg and Seitz, Jona, Zahn, Gans and 
Isnardi, Sanger, Stuart and others (Chapter X). The general 
nature of the results is shown in Figures LX to LXIV. The 
Debye theory of the dependence of dielectric constant on tem¬ 
perature was questioned by Lyon and Wolfram^^ and by 
Bergholm.^® These criticisms were answered by Lertes^® in 
the light of the work of Debye, Gans and Isnardi, and Born.^o 
The results upon which the remarks were based were shown to 
be in good qualitative agreement with the dipole theory and 
with the conclusions drawn by Gans and Born, van Vleck^^ 
has given a proof of Debye's equation (18) on the basis of the 
new quantum mechanics. The Debye theory thus rests upon a 
secure experimental and theoretical foundation. 

It may be noted that gases near their points of liquefaction 
apparently deviate to some extent from the requirements of the 
Debye theory. It is found, for example, that deviations occur 
for ethyl ether in the critical state. 22 Zahn^® reported departures 
in the case of acetic acid vapour at low temperatures and high 
pressures. It is found necessary to consider the influence of 
molecular vibration on the dipole moment, and Debye's theory 
can only be regarded as satisfactory if vibration is taken into 
account and the vapour is considered as a mixture of molecules 
statistically distributed among the vibrational states, van 
Vleck worked on the assumption that the moment is the same 
for all states of low energy. 

It is observed in the preceding discussion that three 
independent lines of reasoning support the division of molecules 
into two classes, according as they possess dipole moment or 
not. In each of these cases, abnormally high polarizations may 
be associated with orientation polarization connected with 
intrinsic and permanent electric moment, the increase in P being 
accounted for by the added term in equation (18). Ammonia, 
for example, shows abnormality in aU of these three ways, and 
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must be definitely assigned to the polar Class II. The enhanced 
polarization increases P and therefore increases c; hence 
departures from the Maxwell relation e ~ are found, which 
in turn affect the additivity of molecular refraction. The same 
cause evidently increases P above the value associated with the 
true volume of the molecules derived from van der Waals' 
equation, and by affecting the degree of orientation accounts for 
the variation of P with temperature. A list of some polar 
(Class II) and non-polar (Class I) molecules is given in Table 
XL. 


Table XT..—POLAR AND NON-POLAR MOI.ECUI.ES. 



Molecules of Class J 
(Non-polar) 

Molecules of Class II 
(Polar) 

Physical 

Characteristics 

(r) True volume of molecules approxi¬ 
mately equal to molecular polariza¬ 
tion. 

(i) Molecular polarization greater than 
true volume of molecules. 

(2) Molecular polarization and moh'cu- 
lar refraction additive. 

(2) Molecular polarization and molecu¬ 
lar’ refraction show departui'es from 
additivity. 

(3) Molecular polarization independent 
of temperature. 

(3) Molecular ixjlarization decreases 
with increasing temperature. 

Examples 

A, Pl„ N„ CH„ CCI4, C,H„ C,H4, CjH* 

HCl, HBr, HI, CO, CO*, H, 0 , H*S, SO„ 
N, 0 , NH*, PH*, AsH*, CH3CI, CH*C 1 *, 
CHCl*, CH, . CsH*. CglljOH, C*HsO,CH, 


31. The Parts of Molecular Polarization 

Molecular polarization is an additive function* for molecules 
of Class II, as appears from equation (i8), where the first term 
on the right hand side corresponds to lack of rigidity in the 
molecule, whereby deformation with induced moment occurs in 
the presence of an external field, and the second to orientation 
polarization, connected with permanent molecular electric 
moment. When the deformation part of polarization is con- 

♦ The context will show that the word “additive*' is here used in a different 
sense from that in the preceding paragraph. 
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sidered, it is also seen to be composite, consisting of two parts 
which may be termed '' electron '' and '' atom '' polarization 
respectively. Electron polarization Pp may be associated with 
the shifting of electrons relatively to each other under an external 
field, so that the centres of gravity of positive and negative 
charges no longer coincide. This is the deformation process to 
whicli Fajans has directed special attention. A tom polarization 
Pyi may be regarded as an effect due to the shifting of atoms, ions 
or radicals within molecules under the influence of a field, thereby 
setting up an element of molecular asymmetry associated with 
induced electric moment. To these factors must be added the 
orientation polarization Pq taken up under an external field, 
tlie molecular polarization P being the sum of three terms as 
follows : 

P + . (21) 

Ebert^^ and Errera^^-^e have considered methods by which it is 
possible to separate P into its individual constitutive parts, and 
has shown that these parts depend differently upon the structure 
of the molecule in question. For example, the orientation 
polarization is practically constant in the series of normal 
aliphatic alcohols (this vol. : 38D). corresponds to the 
second term of equation (18) : the other term may be equated 
to Pp + Pa- So long as molecular refraction R is obtained 
from Zoo calculated by extrapolation of z\s in the visible region, 
we may set R Pp ] when measurements in the infra-red are 
included, then R ~ Pp Pa- In this latter case, a different 
value of Zco is obtained from that derived from dispersion in the 
optical region of the spectrum. It now becomes necessary to 
examine the parts of equation (21) somewhat more closely. 

(A) Electron Polarization. The most ready picture of 
polarization seems to be that in terms of waves of definite 
frequency, by which vibrations are set up in electrons, atoms or 
groups corresponding to the frequency of the radiation causing 
the effect. Electrons are light compared to atoms and 
molecular groups, so that relatively high-frequency vibrations 
will influence them. A-free,"atom-or ion may be perfectly 
unpolarized in the absence of a £eld^yet it has an inherent 
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polarizability expressed by the constant a already considered. 
Electron polarization is noticeable in the visible and ultra¬ 
violet regions, and is most easily studied for these vibrational 
frequencies, which do not influence atoms or orient dipoles. 

in general may be associated with i?, the molecular 
refraction, known to be an additive property for atoms in 
organic homologous series. Electron polarization occurs in two 
connections, the effects concerned being not essentially different 
in nature : 

(a) Under the influence of another ion, an ion may become 
deformed (Fajans' deformation process) ; 

(b) Under the influence of a light wave, electrons may be set 
into natural periodic vibrations corresponding to the frequency 
of the light. Electron polarization is independent of tem¬ 
perature change. 

(B) Atom Polarization. Atoms and radicals within 
molecules have natural vibrations dependent on temperature. 
Waves of lower frequencies than those of light, such as long 
infra-red waves, may set atoms, ions or groups within molecules 
in vibration, which becomes superimposed on the thermal vibra¬ 
tion. Atom polarization is affected by temperature, but is rather 
less well understood than other types of polarization. Smyth^^ 
has deduced P4 values from the variation of dielectric constants 
of gases with temperature. The difference between molecular 
polarizations and molecular refractivities of basic beryllium 
acetate and acetylacetonate^ is attributed to atom polarization. 
Sugden^® has derived P/s for a large number of substances, 
and has shown that for organic molecules the values are always 
small, about o*i of P^. Jenkins®® has conveniently sum¬ 
marized methods of determining atom polarization. It is 
probable that atom polarizations never exceed about 7 c.c. 

(C) Orientation Polarization, When waves of a few 
centimetres' length strike a dipole, it tends to turn so that its 
axis lies along the direction of the field; this tendency is 
resisted by the translational and rotational movements of the 
molecule appropriate to the temperature of its surroundings, 
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The effect is to set the dipoles in vibration about an average 
mean position, so that the axes lie at some definite angle to the 
field direction. At very high temperatures, the effect of thermal 
movement is great, and hence the orientation polarization is 
correspondingly small. 

The influence of wave frequency in causing the different kinds 
of polarization mentioned may be summarized as follows : 


Frequency of the Waves 
Visible 

Zero Frequency Electric Infra-Red Light Ultra-Violet X-rays 


S 

T 

A 

T 

I 

C 


F 


1 

E 


L 


D -- 


S 






^Pq Increasing Period 


Increasing Frequency 


Increasing Rclaxion Time 
P £ ->PA ->P Q 


This representation of the facts shows the following three 
things : 

(i) In the scale of frequencies, vibrations in the visible and 

ultra-violet regions will only cause electron polarization ; 
such vibrations do not cause atom polarization and cannot 
orient dipoles. This provides the case = o in 

equation (21), or P ^ P^. 

(ii) In the infra-red region, atom polarization P^ enters in, 
and electron polarization P^ is also set up, so that the total 
effect corresponds to the sum P^ + P^i. The frequency is too 
great to orientate dipoles, corresponding to the case Pq = o, 
and P = Pf, + Pji. 

(iii) In the electric region, the orientation polarization effect 
represented by Pq commences, so that molecular polarization 
here contains all of the three parts in accordance with (21). 
Thus, for static fields, where the effect is the same as would be 
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obtained by extrapolation to zero frequency (infinite wave¬ 
length), this equation is applicable. 

It will be noted that overlapping of the parts occurs in the 
region of longer waves, and not at the other extreme. Thus 
electric waves give rise to electron polarization in addition to 
the other effects, although visible waves (of shorter period) 
cannot orientate dipoles. The natural frequency corresponding 
to Pit is less than for and Po. so that the time of one 
vibration, or '' period,'' is least for P^ and greatest for Pq. 
Waves act as if capable of affecting tliat for which the natural 
period is less, and the natural frequency greater than their own. 
The relatively longer waves of the electric region have longer 
periods ; thus a greater time elapses before the wave impinging 
on a molecule clianges its phase. A dipole whose natural 
vibration, compared with that of an electron, is slow, can swing 
an appreciable distance from its mean position under the 
influence of a long electric wave before the wave changes its 
phase and sends it back again ; a wave in the visible region 
changes its phase so quickly that it has no effect in causing 
orientation in molecular dipoles. Electron polarization is 
effective from the electric to the ultra-violet, because the natural 
periods of electrons are less than those of the waves throughout 
the region. As the periods of the waves are still further 
decreased, however, a state is reached in which the waves have 
shorter lengths and periods than those of electrons ; so that 
X-rays cannot polarize at all, since they change phase too quickly 
even for electrons. Thus the facts are explained, and all three 
kinds of polarization enter into the case where the longer waves 
are employed. 

The phenomenon of anomalous dispersion of dielectric con¬ 
stants at electric radio frequencies, associated with power loss 
by heating the medium, has been explained by Debye as a 

relaxion " effect, whereby dipole orientation is not instan¬ 
taneous, but requires a time interval commensurable with the 
time taken by the electric wave to perform one vibration (see 
this vol. : 27AC). The relaxion time r of a molecular sphere of 
radius r carrying a dipole varies with the viscosity rj of the 
medium, and is given, within the limits of applicability of 
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Stokes' Law, by r ^Tn^r^jkTy where k is Boltzmann's constant, 
and T is the absolute temperature. Relaxion times of the 
order of 10“^^ sec. occur. Debye-'*^ has recorded values of r for 
o-dichlorohenxeney niirohenxene and chloroform in benzene and 
other non-polar solvents. The results are confirmed to some 
extent by the fact that the molecular radii r come out, in 
accordance with expectation, to be of the order of an Angstrom 
unit. Further examination of the results, however, shows that, 
for the same substance in different solvents, the r values may be 
different, and the relaxion times are not strictly proportional to 
the viscosities of the media. Hence Debye concludes that the 
picture of a molecular sphere is too simple for perfect agreement 
between theory and experiment to be obtained. Goldammer 
and Sack^2 have examined the applicability of Debye's 
expression for relaxion time in the case of isobuiyl alcohol in 
paraffin oil. Kitchin and Miiller^^ attempted to apply orienta¬ 
tion polarization in explanation of anomalous absorption for 
fields whose frequencies were as low as 60 cycles per second : 
Hamburger^^ pointed out that this extension did not appear to 
be justifiable. Meyer^^ has emphasized the importance of 
'' inner molecular potential," and finds that dipole rotation is 
prevented if this exceeds o-i of kT. The explanation of 
anomalous absorption for polar molecules in terms of orientation 
polarization constitutes one of the outstanding achievements of 
the Debye theory. 
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CHAPTER XII 


MOLECULAR REFRACTION 


32. The Rule of Additivity 


The refraction of visible light is associated with induced atomic 
or molecular polarization which is independent of temperature. 
Electron polarization enters in, and dipoles are unaffected. 
Molecular refraction R is defined by the Lorenz-Lorentz 
expression 


R = 


+ 2 d 




(I) 


where r is the index of refraction extrapolated to infinitely long 
waves. Sometimes, however, other values of R, such as those 
for the Na-D or H-a lines, may be conveniently used without 
serious error. 

Crystals of the Orthorhombic, Monoclinic and Triclinic 
systems are said to be biaxial, and except in certain directions 
have three indices of refraction a, j8 and y ; in these cases, r for 
equation (i) may be taken as V^a^y. The Tetragonal and 
Hexagonal systems are uniaxial, and have two indices cu, € ; 
here r = Cubic crystals have one refractive index only 

in all directions. 

Other expressions of the form R = XMjd have been sug¬ 
gested by Newton (X = z® — i), Gladstone and Dale^ {X — 
z — i), Eykman^ {X = (z® — i)/(z + 0-4)), and Lichtenecker^ 
{X = logz). The Lorenz-Lorentz relation, having theoretical 
basis, is generally preferable. 

The earlier work on molecular refraction as an additive and 
constitutive property was carried out mainly by Bruhl,® 
Landolt and Jahn®, and Eisenlohr.* The last-named gave a 
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table of atomic refractions and dispersions (1910), and after¬ 
wards (1912) extended the results to nitrogen compounds, which 
were shown to be peculiarly sensitive to changes in structure. 
A summary of the early work up to 1912 was provided by 
Eisenlohr.® More recently, Eisenlohr® has studied the molecular 

refraction coefficient'' M-rjf as a constitutive property. 
Ehis work has been carried out mainly with reference to organic 
molecules. 

The interest of the more recent work on molecular refraction 
attaches to cases where departures from strict additivity are 
observed. These have been related by Fajans to the influence 
of electronic deformation of outer shells of atoms and ions under 
the influence of neighbouring ions, and particularly to the 
influence of cations upon anions. The idea of such deformation 
appears to have been first suggested by Haber,in the models of 
the HCl molecule and of the Na atom. In the case of HCl, 
Haber pictured a repulsion between the resultant cliarge of +7 
(carried by the chlorine nucleus and two K and eight L 
electrons) and tlie -|-i carried by the hydrogen nucleus, 
involving a displacement of the nuclei relative to the outer 
electronic system of the molecule. Similarly, an attraction 
would exist between the outer electron of the sodium atom 
carrying charge -“i and the inner system carrjdng resultant 
charge +9* It is noteworthy, however, that some time 
earlier Kosscl,® at the end of his lengthy treatise on the electro¬ 
static basis of atomic and molecular structure, implied though 
did not state the existence of deformation in the models pro¬ 
posed for HCl, CaO and BN. Haber considered the energy of 
union of a halogen ion to a hydrogen ion forming a hydrogen 
halide, and found it to be about 100 Calories greater than would 
be expected on the basis of rigid ions, and suggested that a shift 
of the nucleus of the halogen ion relative to its outer sheath 
might account for the result, the work done on combination 
being liberated as energy of deformation. Reis® applied Born's 
theory of lattice energy to the solid hydrogen halides and 
studied the deforming working of the hydrogen ion on the 
halogen anions. Born^® considered deformation in relation to 
the results on residual rays, elasticity constants and piezo- 
F 281 



THE FINE STRITCTURE OF MATTER [XII 32 

electric constants. Meisenheimer^^ related the colour of salts 
to deformation : thus Pbig is yellow, though Pb'^ and I” are 
both colourless. Weigert^^ studied the influence of deformation 
on optical and photochemical properties, and suggested that 
every chemical process may be regarded as a consequence of a 
primary polarization or displacement of an electron ; whether 
the electron concerned returned to its parent particle or 
remained free was regarded as a secondary process not affecting 
the initial stage. Debye^^ considered electric moment as a 
consequence of polarization, and treated molecular refraction as 
a measure of polarizability, on lines already explained. Photo¬ 
chemical investigations on silver salts have been conducted by 
Frankenburgcr,^'^ and by Fajans and collaborators^^*^® in 
relation to the deformation theory. In addition, Born and 
Heisenberg^^ have treated deformation quantitatively in the 
way previously outlined. Many of these investigations will 
receive further consideration in the present chapter. 

It is suggested in the theory of refraction that the refractivity 
of a molecule may be an additive function, such that 

R UiRi -f- ^2^2 ■p ^3-^3 “I" •••• • • • • ( 2 ) 

where R^, -^3 • • • i ^3 • • • > individual 

refractions and numbers of atoms (or ions) constituting the 
molecule respectively. The law was tested by Heydweiller,^® 
who found it to be reasonably accurate for salts in dilute 
solution, and especially where deformation is absent. Wasast- 
jerna calculated the refractivities of ions of inert gas type from 
the data on the assumption that the refractivity of the hydrogen 
ion was zero. If the hydrogen ion consists of a single proton, 
it may well be considered as undeformable. Fajans and Joos,^® 
however, threw some doubt on the validity of this assumption, 
adducing evidence of the existence of the hydrated ion HgO^ in 
aqueous solution, and preferred to fix the refractivity of the 
free gas ion Na"^ as 0*50, and thus to calculate values of other 
inert gas-like ions (see this vol. : 34A). The results obtained by 
the two methods are shown in Table XXXVI. Spangenberg^*^ 
determined the densities and refractivities of alkali halide 
crystals with accuracy, and showed that the additive law was 
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not applicable to these substances in the solid state. From the 
results of Fajans and Joos, and of Bragg,who studied the 
effect of atomic arrangement upon refractive index, it seems to 
be clear that the values to be assigned to a a . . . of (2) 
vary with the degree of dispersion and the environment of 
individual ions. Fajans and Joos suppose the law to be strictly 
applicable to free gaseous ions. 

Havelock^i has given formulae for the refractivities of a 
number of polyatomic molecules in terms of those of the 
constituents, making allowance for their interaction on each 
other. Born and Heisenberg^^ assumed that the valency 
electron of the alkali metals Li, Na, K was able to polarize the 
rest of the atom according to equation (4) of Chapter XI, and 
found that this results in an additional force of attraction of 
Car where c is a constant for the metallic atom. The con¬ 
stants for the Rydberg-Ritz formula of series spectra for Li^, 
, K’^ were then obtained in terms of a, so that evaluation 
of the polarizabilities of these ions became possible by com¬ 
parison with the computed spectral values of the constants. 
The results are shown in Table XXXVII, where comparison is 
afforded with the corresponding numbers calculated from 
Wasastjerna's table of refractivities by means of equation (i). 

Polarization by deformation provides two different cases, 
diagrammatically suggested in Figure LXX. In case (a), the 
deformation is '' one-sided,"' and the effect is similar to that of 
placing the molecule or ion between the plates of a condenser, 
as in (b), an induced dipole, having electric moment, being set 
up. In this way, the permanent moment of the gaseous HCl 
molecule, for instance, may be explained as associated with the 
deformation of Cl” by the hydrogen ion on one side. The 
indication of band spectra is that the proton is embedded in the 
electronic system of the halogen. In the second case (c), the 
deforming effect is '' many-sided," and is such as may be 
expected to occur, for example, in an alkali halide crystal, where 
an ion is S5mimetrically surrounded by six neighbours. Here 
there is no separation of the positive and negative charges, and 
although deformation occurs, there is no dipole set up, since the 
effect on one side is balanced by the effect on the opposite side. 
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Figure LXX(c), due to Fajans,^® must be regarded as purely 
illustrative and diagrammatic. 

Figure LXXI(a) shows two oppositely-charged ions of about 
equal size held together by electrostatic force (ideal polar 



linkage). In (b), the ideal homopolar case is depicted, in which 
the centres of gravity of positive and negative charges coincide. 
Case (c) represents a case intermediate between (a) and (b), 



(a) Polar Type {h) Homopolar Type 



Uy Stabilizing 



(d) Loosening'' 


Figure LXXI. — Polar and Homopolar Links : Stabilizing and 
Loosening Effects. 


where a relatively small cation, having relatively large surface 
density of charge, is able to deform a larger anion, setting up an 
induced dipole. The electrons on the outside of the anion have 
diminished freedom : the system is said to be '' stabilized,*' 
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and the electrons are less influenced by an incident light wave 
than would be expected on grounds of additivity. The 
molecular refraction is therefore lowered. Case (d) illustrates 
the influence of a small anion on a relatively large cation : the 
outer electronic sheath of the cation is displaced in such a way 
that the centre of negative charge of the cation is driven away 
from the anion, with consequently diminished attraction and 
greater electronic freedom. Hence the light wave has increased 
influence on the group, as compared with expectation on 
additivity grounds : the system is said to be loosened,'' and 
the molecular refraction is raised. According to Fajans,2^'25 
the smaller ions with higher charges have greater deforming 
power, whilst the larger and less highly-charged ions are more 
easily deformed. Ions not of inert gas type are generally more 
strongly deforming than ions of inert gas type of the same size 
and charge (.see following Section 33C). 

The dihydrate double sulphate of ammonium and calcium 
follows the additive rule of molecular refraction of the con¬ 
stituent sulphates.The linear additive rule holds for mixed 
crystals in varying proportions of magnesium sulphate and zinc 
sulphate and of silver bromide and silver iodide, but not of 
thallium bromide and thalluim iodide Deviations in the last- 
named case may be associated with strong deformation of 
iodine ions. For compounds of similar type, where deformation 
is absent, molecular refractions of mixed crystals vary linearly 
with composition. 

An investigation on mixed salts in solution may be noted. 
In cases where no compounds are formed, as with NaCl-KCl 
and NaNOg-KNOg mixtures, deviations from additivity rules 
may be associated with ionic deformation ; compound formation 
is indicated by the appearance of maxima on the refractivity- 
composition curves, as in mixtures of MgClg-KCl (1:1), 
MgCl^-NH^Cl (i : i) and CdClg-KCl (i : i, i : 2 and i : 3). The 
numbers in brackets refer to the composition of compounds and 
the appearance of maxima. 

The refractive index of nickel arsenide may be calculated from 
a formula involving its reflective power in air and in cedarwood 
oil, together with the refractive index of the oil,®® 
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Parahydrogen has the same refractive index for the green 
mercury line as ordinary hydrogen. 

33. Influence Factors on Deformation 

The several factors influencing degree of deformation judged 
by departures from the additivity rule operate, in general, 
collectively ; in what follows, an attempt is made to disentangle 
these factors, by considering the influence of one where the 
others change as little as possible. 

(A) Influence of Nuclear Charge. Referring to Table 
XXXVI, it is observed that refractivity decreases for ions of the 
same type of outer structure as the nuclear charge increases : 



\ 
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Na-I 
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R 

4-06 j 2‘20 
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Figure LXXII. —Relation between Molecular Refraction and 
Nuclear Charge. 
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As the nuclear charge Z increases, the outer sheath of electrons 
is more firmly held, and the deformation and refractivity 
decrease. Similar considerations apply to the other horizontal 
series of Table XXXVI. Figure LXXII, due to Fajans and 
based on his estimates, shows this result quite clearly. Thus 
the deformability of Mg~^ ^ is less than that of Na'^; the deform¬ 
ing power of Mg+^ towards negative ions is correspondingly 
greater than that of Na”^, and similarly in other cases. 

(B) Influence of Atomic Size. The vertical columns of 
Table XXXVI show that deformability and refractivity increase 
with increasing size (see also Figure LXXII). This accords 
with the views already expressed on the relation between 
polarizability and molecular volume. Thus for the halogen 
ions : 



F 

Cl” 

Br” 

.. 

1 - 

R 

2-20 

00 

Oi 

11*84 

18-47 

\ 

Y 

1-36 

i-8i 

1-95 ' 

2 *16 


The radii of the ions are Pauling's estimates, taken from Vol. i : 
Table XXIX. Thus deformability increases with increasing 
radius, and deforming power decreases. Negative ions are in 
general more deformable than positive ions. The ion F“, 
however, being the least deformable, is most deforming, so that 
when associated with a more deformable cation, as Cs“^’, Rb ‘ or 
K'*’ the loosening effect previously noted occurs, with an increase 
of molecular refraction. This is illustrated by Figure LXXIII, 
due to Fajans.23 The curves, which are further explained 
below, are based on estimates of i?crystai “ ^free pas ion, 
show the loosening effect with increase of molecular refraction 
only in the cases of KF, RbF and CsF. The same is observed 
with CaFg, SrFg, BaFg but not with MgFg. 

Similar considerations hold for compounds of AX4 type, for 
which results (for infinite wave-length) are given on page 288 
The difference AR decreases from CCI4 to SnCl4 with increasing 
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AX4 

CCI4 

SiCl^ 

SnCl4 

SnBr4 

SnI* 


6-47 

7*05 

8-65 

11*93 

17*53 

«X- 

8-73 

8-73 

8-73 

12*13 

.... 

i 8 *I 2 

AR I 

i 

2*26 

1 -68 

o-o8 

0*20 

0*59 


size of A from C to Sn, and AR increases from SnCl4 to Snl4 
with increasing size (increasing deformability) of X from 01 “ to 



Figure LXXIII. —Molecular Refraction of Alkali Halides. 

I". The derivation of the estimates of Ry— is considered in the 
sequel. 

Herz®* found that for a large number of organic compounds 
the ratio Rjb^ did not vary very much, being the molecular 
volume calculated from the critical constants by means of the 

288 





XII 33 ^'] INFLUENCE FACTORS ON DEFORMATION 

relation ~ R'TJSP^., where R' is the gas constant. Cuth- 
bertson's empirical relation,®^ whereby the refractions from Fg 
to 1 2 and from Ne to Xe rise approximately in the ratio 
I : 6 : 9 : 14, may also be noted. 

(C) Influence of Electron Sheath. Ions not of inert gas 
type are more strongly deforming, other things being equal, 
than ions of inert gas type (see Vol. 1 : 17C). Pauling^ ^ 

associates this with the greater electrostatic field within an 
outer shell of 18 as compared with that of 8 electrons. The 
increased field is in accordance with the wave-mechanical view 
of atomic structure. 

Mention is made (Vol. i: 17C) of the behaviour, noticed by 
Fajans,®® of silver halides, as compared with sodium halides, 
where the cations are of approximately equal size, in respect of 
lattice distances and molecular volumes. Referring to Tables 
VI, VIII and IX, the lattice distance differences d(Na,X)-d{AgX) 
are : (X - F) 4*62 - 4*92 - -0*30 ; (Cl) 5*63 - 5*54 = 
0-09 ; (Br) 5-96 — 5-76 =: 0*20 ; (Nal-AgIjS) 6-46 — 4-58 = 
1-88; (Nal-Agla) 6*46 ~ 6*47 — —o*oi A.U. The effect of 
increasing deformation is to draw the ions together, diminishing 
lattice distance; thus the above differences increase from 
X = F (least deformable anion) to X = Br. Agl^ has the 
wurtzite (B4) lattice, and Agla the sphalerite (B3) lattice, the 
change from cubic lattices of AgBr and NaBr being marked by 
corresponding change in the sequence of differences. In 
Agla, the form stable above about 145""C., the effect of change 
of crystal structure is apparently compensated for by the 
increasing deforming power of Ag^ as compared with Na^. 

Similar considerations hold in respect of lattice energies,®® 
defined as the energy set free when one gram-molecule of crystal 
is built up from free gas ions. The following again affords 
comparison between sodium and silver halides : j 7 (NaX) — 
U{AgX) : (X ™ F) 219 — 220 ™ --I; (Cl) 181 ~ 200 = —19; 
(Br) 168 — 193 —25 ; (Nal ™ Agl^) 156 188 = —32 

kilogram calories. The lattice energy of a crystal, calculated 
by Born's method, may be considered as the sum of three 
terms: (i) a positive term, associated with work done by 
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unlike charges in coming together; (2) a negative term, 
associated with work done by the repulsions of outer electronic 
sheaths of ions; (3) a positive term, corresponding to work 
done in deformation. Terms (i) and (2) are probably not very 
different for sodium and silver halides; the progressively 
increasing differences from X = F to X ^ I may therefore be 
associated with relatively greater deforming power of Ag as 
compared with Na** with increasing deformability of the anion. 

Fajans^’' has summarized more recent developments of the 
theory of deformation, and has pointed out that no means at 
present is known of estimating the refractions of free gas ions 
which are not of inert gas type. It is possible, however, to draw 
certain conclusions without knowing these values, in the follow¬ 
ing way (calculations for Na-D line). We may compare two 
halides MX, MX' of the same metal M in respect of deviations 
in the solid state from exact additivity fulfilled for the free gas 
ions. Thus )gas~[-^MX' 

+^X'“)gas] -^^MX -* -wllCre 

^M+gas eliminated from the expression. The following 
affords comparison between silver halides in this way : 


MX 


MX' 

A’mx' 

RmX A’mx' 

X- 

(A*x ■)gas 

X'-- 

(-^x'Ogas 

(AV-A'x'-)gas 

AKmx-AR'ux 

AgBr 

1077 

AgCi 1 

13*50 

3-^7 

Bi— 

12*66 

Cl— 

9*07 

3-59 

--< 1 * 3-2 

Agl 

2377 

AgPr 1 

i 6*77 

7*00 

1“* 

19-21 

Br- 

12*66 j 

1 6*35 

f 0*45 


The differences in the deviations from additivity requirements 
become more positive between iodide and bromide than between 
bromide and chloride for Ag salts, and similar results hold for 
halides of other metals whose ions (e.g., Sn^^) lack the 

inert gas structure. Exactly the opposite is true for halides of 
metals whose ions are of inert gas type, the above-named 
differences becoming increasingly negative (see Table XLII). 

Another way of demonstrating the peculiar behaviour of ions 
not of inert gas type in respect of departures of additivity in a 
series of halides is to subtract the contribution of the halogen 
ion free gas in each case from the equivalent refraction of the 
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compound. The following numbers refer to infinite wave¬ 
length, the refractions having been calculated from dispersion 
formulse of the Selhneier type, for gaseous halides of univalent 
K,3» Ag37 and Tl,®’'®* and bivalent Hg®" and Sn,®® The 
differences JMX are of the type /?mx —(-^x )sas- 


X“ 

R 

x-gas 

A’ 

KX 

Vx 

'^TlX 



Akx 

jAgX A nX J JHgCl, JjSnCl, 


Cl 

873 


12-9 

18-8 

11-44 

13*24 

1*82 

4-2 

lo-i 2-71 


4‘59 

hr 

12-13 

J 3 ' 3 ? 1 

iCri 

22-3 

14*63 

16*04 

1*24 

4-0 

JO-2 2-50 

4-51 

47 r 

I 

i 8 -I 2 

18-78 

22-3 


20*78 

(23-33)* 

0*66 

4 '^ 

_ 2-66 

( 5 - 21 ) 

(5-80) 


♦ MpasiuTment ou Na-D lino on account of dispersion. 


It is observed that the calculated differences for KX fall in the 
series from X ^ Cl to I; the same is true of the series SnX4 
(see table at end of 33A above) and of all series where the metal 
ion is of inert gas type. Certain irregularities appear in the 
four following progressions -<iJAgX, JTIX, J-^HgCla and J ^SnCls, 
where the metal ions are not of this type. The differences 
remain fairly constant in a series, and show no regular decrease. 
The last column of the table^^ shows an increase per equivalent 
in passing from quadrivalent to bivalent Sn, with departure 
from inert gas type. 

(D) Effect of Number of Anions. According to considera¬ 
tions advanced in Section 32, the stabilizing effect accompanying 
anionic deformation is followed by a progressive lowering of 
molecular refraction (compared with the demands of the 
additivity rule) as the deformation increases. In the following 
table, due to Fajans,^^ the contributions made by the halogen 
Cl or Br per atom are compared for molecules of the Type 
AX^. (As .shown on page 292.) 

The increase in the number of anions is accompanied by a 
progressive diminution in the contribution of each to the 
molecular refraction, and the values approach those for the 
given atom in the homopolar halogen molecule, shown on the 
right-hand side. Increasing deformation occurs from left to 
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LiCl 

BCl, 

. . 

CCI4 

jf?Ciin CI2; 5 82 

«C1 

7-4 

6-97 

6*61 


NaCl 

AlCl, 

SiCl* 

^^Cl 

8-0 

7*68 

7*01 


LiBr 

BBr, 

CBr4 

Brg : 8-72 

^Br 

10-3 

9*97 

9-47 


NaBr 

AlBrg 

SiBr4 

-^Br 

1 1 -I 

10*9 

10*2 


right, with development of hoinopolar characteristics. The 
halogen atoms become more and more closely associated with 
the positive atoms, and the polar opposition between the ions 
of opposite sign becomes weakened. In this way, the transition 
between the polar and homopolar linkages may be followed. 
The appearance of the molecule as n increases in AX^ is 
associated with this neutralization of polarity and progressive 
'' covering-up '' of the central atom A. Fajans also notes that 
the contributions of the chlorine atom in HCI and CCI4 to the 
molecular refractions are approximately equal, being 6*67 and 
6 *61 respectively. 

(E) Effect of Crystal Structure. The effect of deforma¬ 
tion on crystal structure has been previously considered (Vol. i: 
17C and this vol. : 25C). Reference may be made to these 
discussions, in summary of which it may be said that increasing 
deformation favours the following transitions: ionic to 
molecular ; ionic to diamond, diamond to molecular ; diamond 
to layer, fluorspar to layer, layer to molecular lattices. 
Examples, taken from Section 25C, are given above the arrows 
in the following scheme, the arrow directions showing those of 
increasing deformation : 
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Deformation is thus linked with the development of molecular, 
or homopolar character. The diamond and layer lattices may 
be regarded from this point of view as intermediate stages in 
the change. It is to be noted that in these cases it is the anion 
which undergoes progressively increasing deformation, the 
stabilizing process previoUvSly noted being thus accompanied by 
loss of polarity. 

Fajans^^ has considered the effect on molecular refraction in 
the transitions RbCl to CsCl and BeO to MgO, quoting the 
following figures : 


Substance 

RbCl 

CsC'l 

BeO 

MgO 

Crystal Type 

NaCl 

CsCl 

ZUvS-a 

NaCl 

Designation 

Bi 

Bz 

B4 

Bi 

Free gas ions 

12-84 

15-60 

7-1 

7-3 

Crystal 

12-55 

15-22 

3*28 

4*53 

Diminution 

— 0-29 

-0-38 

- 3-8 

-2-8 

No. nearest 
neighbours of 
negative ion 

b 

8 

4 

6 


An increasing diminution of molecular refraction in passing from 
RbCl to CsCl occurs, as derived by subtracting the values found 
for the crystals (calculated from their indices of refraction) from 
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those for the free gas ions (obtained from measurements in 
solution and extrapolation to ii\finite dilution). It is clear that 
an increase in degree of co-ordination from 6 to 8 for the 
chlorine ion is accompanied by a greater departure from the 
additivity rule, as based upon the values assigned to the free 
gas ions. This occurs in spite of the increased lattice distance 
in passing from RbCl to CsCl (3*29 to 3-56 A.U.), which would 
be expected to operate in the opposite direction were it not for 
the change in structure. In the transition from BeO to MgO, 
however, an increase in co-ordination from 4 to 6 is accom¬ 
panied by a reduced lowering of molecular refraction as judged 
by the same standards. 

Hund^^ has shown by a mathematical argument that where 
the crystal ions have small polarizabilities, ionic co-ordination 
lattices tend to be formed ; greater polarizability is associated 
with the appearance of layer or molecular lattices, van ArkeB^ 
has considered the polarization energies of crystals of NaCl, 
ZnS and CsCl types, and has shown that their relative 
magnitudes depend upon the radius ratios of the ions concerned. 
Thus, for a radius ratio l^ss than 0*7, the polarization 
energies of ZnS, NaCl and CsCl types decrease in the order 
named, whereas, for radius ratios greater than this limiting 
value, the order is reversed. This when considered in the light 
of Goldschmidt's work on the influence of radius ratio on crystal 
structure (see Table XXXI and accompanying text) is used to 
explain why some crystals within the correct limits of radius 
ratio for a given type according to the theory do not always 
crystallize according to that type. Goldschmidt himself 
emphasized the influence of polarization as a factor in the 
determination of crystal structure. The allowance to be made 
for polarization fields in crystals as calculated by Lennard- 
Jones has been already mentioned in Vol. i: 33. The value of 
Born's repulsion exponent n (equation (2) of Vol. i : 19) for 
crystals of different types is also important in the present 
connection. 
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34. Applications of Refractivity Data 

Examination of the literature shows considerable divergence 
in some cases between the values calculated by different 
investigators for the polarizabilities of ions, and these are not 
known in general with great accuracy. Moreover, it appears 
that the relation m — aF (equation (4) of Chapter XI) is 
inapplicable to very strong fields such as obtain between an 
atomic core and a valency electron. No very great importance, 
however, need be attached to the absolute values of polariza¬ 
bilities from tlie present point of view, since the orders of 
magnitude (relatively large or small) and the directions 
(increasing or decreasing) of the changes of molecular refraction 
in passing from one member to another in a series of related 
compounds may still be followed with respect to corresponding 
changes of molecular structure. 

(A) The Alkali Halides and Hydrides. According to the 
results of vSpangenberg,^^ additivity of molecular refraction in 
terms of constituent ions is lost for the alkali halides in the solid 
state. Fajans and Joos^® considered that strict additivity 
should be observed both for the free gas ions and for ionic 
refractions in aqueous solution extrapolated to infinite dilution. 
Three quantities are therefore considered : 

(1) the additive refraction of free gas ions ; 

(2) the additive refraction of ions at infinite dilution in 

aqueous solution ; 

(3) the non-additive refraction of the solid salts. 

It then appears that (i) is unequal to (2) where highly deforming 
ions of small radius are present, because these ions deform the 
outer sheaths of water molecules, with consequent change in the 
refraction of the solvent. Where the small deforming ion is a 
cation, as Li ‘ and Na*^“, a smaller value is obtained for (2) than 
for (i) ; where it is an anion, (2) is greater than (i) ; where both 
kinds of ions are present, as in LiF and NaF, the result will 
depend on whether the effect of the cation outweighs that of 
the anion or not. These considerations are in accordance with 
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the views expressed in Section 32 above. For other univalent 
ions, K‘^', Rb"^, Cs*^, Cl“, Br , I", the difference between (i) and 
(2) is found to be very small. 

In order to form estimates of departures from additmty of 
ions in the solid state, it is necessary first to estimate the 
refraction contributions of the free gas ions. This matter is 
considered in Section 30A. Fajans^’ used the Cuthbertsoiis’ 
data on refractions of inert gases, the measurements of Heyd- 
weiller on solutions, and those of Spangenberg on solids. It was 
assumed that for the gaseous state 

> 

and the upper and lower limits for were thus fixed at 

072 and 0-39 ; the intermediate value 0-48 c.c. has been chosen. 
Similar reasoning gave corresponding values for Li'*’ and F ' of 
0*20 and 2-44 c.c. respectively. From Heydweiller's measure¬ 
ments, it was deduced that i?N.i+soin. infinite dilution was 
0*20 ; the argument, however, does not rule out greater values 
than this, and Fajans has also used 0*35, the values correspond¬ 
ing to this second number being omitted here. ITirther details 
of the derivation of these numbers will be found in Fajans’ 
memoir.®’ 


Table XU.—REFRACTIONS OF UNIVALENT INERT GAS TYPE IONS 
(Fajans) (Na-D, c.c.). 



Li+ Na+ F— OH— 

K+ Rb+ Cs-f- 

Cl— lir— I- - 

%as 

J^soln- 

0-20 0-48 2*44 4-76 

—0*33 0*20 2-60 5*10 

2-26 3-79 6-54 

9-07 12-06 19*21 

i?soln* —%as 

—0-53 —0*28 +0-16 +0*34 

very small 

very small 


The difference values of Table XLI give the effect of the ions 
on the molecular refraction of water. The influence of Li is 
greater than that of Na"^, since Li"^ is smaller and more 
deforming ; F" and 0 H“ have increasing positive differences, 
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corresponding to repulsion of the outer sheaths of water 
molecules due to tlie negative charges, thereby increasing the 
n'fraction of the solvent. The other ions have very small, 
generally negligible, effects. 

Fajans holds that the above estimates are in satisfactory 
agreement with comparable results of other authors. In 
particular, Pauling,^^ using shielding constants, deduced the 
following values : K+ 2*ii, Na^ 0-46, Cl“ 8*86. 

Proceeding upon the assumption of additivity for and 
R^oh^. infinite dilution, it is possible to calculate values for 
halide salts. For LiF, -"O'.SS + 2-60 2*27 ; 

0-20 + 2-44 2*64, and so on in other cases. The numbers 

given in Table XLII are based upon Fajans and Joos' earlier 
estimates, and therefore may be slightly different from those 
deduced from Table XLI, but the orders of magnitude and 
directions of change are practically unaffected. 

Newman^^ has recently measured for NaCl for infinite 
dilution (Na-D, 18T.), and obtains 9*05 c.c. (compare 9*20 from 
Table XLII). In other cases, especially with Rb*’ and Cs ^ 
salts, .some of the numbers obtained using the constants of 
Table XLI show discrepancies with numbers in Table XLII, 
I'hus Wulff and HeigP® obtain the following Rcryst.'-^^as 
values : KCl --0*47, RbCl —0-29, CsCl —0-40 ; NaF 0-02, 
KF 0-43, RbF 0*47, CsF 0-48. 

In solution, the refractions of ions are different from their 
values in the gaseous phase in cases where deformation of water 
molecules occurs : no interaction between ions of opposite sign 
wiU normally take place. In LiF, the elevating effect of Li'^ 
is greater than the diminishing effect of F~ upon water, and 
there occurs a net decrease in molecular refraction from 2*70 
to 2*38, that is, of 0-32. (Table XLI gives ~-o-53 (Li) + o*i6 
(F"") ^ —0*37.) With NaF, the cationic and anionic effects 
about neutralize each other, and so The 

influence of F" acting alone is seen in KF, RbF and CsF. 
Similarly, in LiCl, LiBr and Lil, the effect is due to Li+ only, 
and there is a constant difference Rsoin. “ —0-62. 

Similar considerations hold for NaCl, NaBr and Nal, where the 
difference is 0*30 due to Na*^. In aU other ca.ses, Rg^s ^ -f^soin. 
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Table XLII.—MOLECULAR REFRACTIONS OF THE ALKALI 
HALIDES (Na-D, c.c., 20°C.). 

Six numbers are given in each partition of the table : the first three, from 
tlie top downwards, are -Rsoln.> ^cryst .; the second tlirce are the 

differences f^soln. ^gas» -^cryst. ' ■^aoln.> ■^^cryst. -^gas respectively. 

/?cryst.' the experimental value deduced from measurements of indices of 
refraction of solid salts. The values of Rsnin. agreement with the values 

of Heydweiller extrapolated to infinite dilution. 



Fluoride 

Chloride 

Bromide 

Iodide 


E 

A 

R 

A 

R 

A 


A 


270 

“■ ^''32 

9‘20 

— 0-62 

.2-87 

- 0*62 

19*44 

— 0*62 

Lithium 

2-38 

— 0*04 

8.58 

- 0-99 

12*25 

-- 1 *09 

i8-8. 

-2-84 


2-34 

-o« 3 (> 

7*59 


j 0*56 

-2*31 

L 5’98 

3 ‘ 4 (> 


3*00 

O-OO 

9-50 

--0*30 

13*17 

--(V30 

1(^74 

0-30 

Sodium 

3*00 

■ j- 0‘02 

9-20 

— 0*68 

12*87 

-1 *3 r 

19*44 

“ -^*37 


3*02 

\ 0*02 

8*52 

— O'OS 

1 T -56 

- - T -61 

17-07 

2-67 


473 

1 0-30 

IT *23 

0-00 

T 4 *90 

0-00 

2J -^7 

0*00 

Totassium 

5-03 

+ 0-13 

11-23 

. 

-0-38 

14*90 

-0-92 

21*47 

-1*72 


5-16 

+<>•43 

10-83 

-0-38 

13-98 

— 0-92 

i ^)-75 

-1*72 


6-oS 

4-0*30 

12-58 

0*00 

16*25 

0*00 

22*82 

0-00 

■Rubidium 

6-38 

i +0*36 

12-58 

-0*03 

16*25 

- 0*47 

22*82 

--1 -11 


674 

4-0*66 

12-55 

—0*03 

15-78 

- 0*47 

21*71 

— 1-11 


874 

-1-0-30 

15-24 

0*00 

18*91 

0*00 

25*48 

0*00 

Caesium 

9*04 

--I-0-47 

15-24 

4-0-01 

18*91 

- 0*45 

25-48 

~ 1 *21 


9'5i 

+ 0-77 

15-25 

4-0*01 

18*46 

- 0*45 

24*27 

— 1*21 
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in accordance with the postulated negligibly small influence of 
all ions of the series excepting Li"^", Na^’ and F~. 

In the solid state, additivity is lost and interaction between 
the ions many-sided '' deformation) takes place, and the 
differences Rrry^t. “ may be taken as a measure of this 
effect. In LiF, the effect of the smaller Li * upon F™ is greater 
than the reverse effect, so there is a net lowering of refraction 



I'KiURE LXXIV. I’j.OT OF Rcrystal ~ Rfree gas ions FOR Alkali HaLIDES 

(Fajans). 


from 270 to 2-34 == —0-36. Proceeding in the series NaF to 
CsF, the negative influence (loosening, giving increased con¬ 
tribution to refraction) of F~ becomes increasingly noticeable 
as the sizes and deformabUities of the cations increase. For 
other halides than fluorides, from lithium to caesium salts, the 
effects are stabilizing on anions, and the differences decrease 
from Li+ (smallest, most deforming) to Cs’’'. Certain abnor¬ 
malities appear with CsCl, CsBr and Csl, which may be 
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associated with the dii'terent structural arrangement (see 3311) 
above) of these crystals (body-centred cubic). Thus there is an 
increasing difference — ^gas passing from Rbl to 

Csl, and the caesium salts run closer to the rubidium salts than 
would be expected from the sequence in the series of chlorides 
and bromides. Reference may be made to Figures LXXIII 
and LXXIV, which show the refractions of the solid salts and 
the differences Rcxyst — ^gas ^ls estimated by Fajans. 7 'hc 
refraction, as well as the refraction diflference, is greatest in the 
case of Lil, where the most easily deformed anion is associated 
with the most deforming cation. 

The figures for the solid salts have found certain quantitative 
significance.^® Born and Heisenberg^^ showed that the energy 
of a dipole induced in one ion by another varies inversely as the 
fourth power of the distance between the two ionic centres, a 
proof of which is given in the appendix to Chapter XIV. 
I'ajans proposed the following empirical relationships : 








(3) 


where ARx is the diminution in refraction due to deformation of 
an anion, kx is constant for a given anion, d is the semi-lattice 
distance, C is a constant for all anions and Rx the refraction due 
to the gas anion. 

Further, if 

AR “ Rcryst. -^gas ~ . ( 4 ) 


where is the elevation of refraction due to deformation of 
cation by anion, the appropriate signs for AR^, AR^ being 
observed. The relation (3) may now be tested for LiCl, LiBr, 
Lil and Nal, on the assumption that ARy^ = 0 in these cases, 
so that ARx = Rcryst. ““ -Kga8» found from Table XLII. 
Then, for example, for LiBr, C = R^d^fRx = —2*31 X ( 2 - 74 )^ 
(12*67)2 — ~o*8i, whilst for Nal, C = —2*67 X (3*23)V(i9’24)2 
= —0*78, the corresponding values for LiCl and Lil being 
—0*86 and —0*78 respectively. This constancy of C within 
the probable error indicates the validity of equation (3) to these 
cases. Assuming this, it is possible to proceed a little farther, 
and apply the values of k^-, and found to other halides 
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where cannot be neglected, the value of k^- being obtained 
from C-jRp. == (2-5)^C, where C ™ 0-82 (mean value). Using 
these k values, values of AR^^ may be estimated in other cases, 
and thus AR^ may be deduced using equation (4). It is found 
that AR^^ increases for a given cation with decreasing lattice 
distance, and with different cations according to their deforma- 
bilities, in accordance with expectation. 

Errera^^'^ measured the dielectric constants of solid alkali 
halides, and so calculated the total molecular polarization P by 
the Clausius-Mosotti formula. This P ~ Pj. + P|, where 
denotes the part due to electrons (equal to the molecular 
refraction R obtained from Spangenberg's measurements extra¬ 
polated to infinite wave-length, and inserted into the Lorenz- 
Lorentz expression), and Pj (obtained from P^ = P — P^) the 
part due to ions. The quantity Q, defined by (e — r ^ ‘^)/(€ - i), 
measures the proportion of total polarization due to ions. The 
calculation shows that Q and Pj/P are greatest for LiF and 
least for Rbl in the series of halides from Li"*' to Rb~‘\ Thus 
the ionic polarization is greater the greatei' the radii and the 
deformabilities of the ions concerned. 

Wasastjerna^® has considered atomic and ionic refractions in 
relation to the electron distributions by wave mechanics, and 
finds that for an ion of inert gas type P| is nearly proportional 
to the fourth power of the mean distance of the outer ring of 
electrons from the nucleus. 

Ammonium halides have been studied from the standpoint of 
deviations from additivity of molecular refractions. The values 
of PNH4Xcryst. ('^NH4'^* “ 1 “ Px' )gas ♦ (X b) -f- O 

(Cl) — 078, (Br) ~i-i8, (I) — 1-30. The value of PNin-^-gas 
is estimated as 4*30 c.c. The departures from additivity follow 
the same rules as in the case of alkah halides. In NH4F, a 
proton of NH4'^ is displaced towards the F~ ion ("‘contra- 
polarization ''), but the displacement is insufficient to produce 
a molecular lattice (see 34DC), No displacement occurs for the 
other halides. As with Cs salts, an intensification of the 
refraction effect is observed on passing to a lattice of higher 
co-ordination number (NH4F to NH4CI). 

The refractions of NaH and KH have been measured for the 
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Na-D line/^ the results being in fairly close agreement with 
estimates made by Herzfeld and Wolf/^ as follows : 

4-84 (obs.) 4-40 (calc.), i?KH 7 * 3 ^ (obs.) 7-53 (calc.). The 
contribution made by H“ is 4-84 -- 0*48 4-36 in NaH and 

7-36 — 2*26 5*10 in KH (using refractions of gas ions from 

Table XLI). As an anion, H” thus exhibits considerable 
deformation, and falls between F“ and Cl " in this respect. 

(B) Compounds containing Polyvalent Inert Gas Type 
Ions. Bivalent ions, other things being equal, may be expected 
to be more efficient deformers of water molecules than univalent 
ions, and tervalent than bivalent ions. Some results are in 
Table XLIII, the values being obtained by the approxi¬ 
mation method previously described for univalent ions.^^ 


Table XLIH.—RETJ<ACT10NS OF BIVALJCNT AND TERVALENT 
INERT GAS TONS (Na~D). 



Mg 1 1 Ca'I + Sr+I- Ba't- + 

Alt--* T J^a-t'-t-F 


o*i() 1-40 2.58 473 

- i -Ho 071 I *81) 4 -37 

,>•17 3.3 

-2-47 1-4 

-^soln- 


--2-58 ^i'() 


The absolute values of the differences decrease from Mg"^+ to 
Ba ' and from to La"^"*"^, show decrease with increasing 

size of cation, in accordance with theory. Comparison between 
this and Table XLI shows the more highly-charged ions to be 
more efficient deformers : this is further indicated in Figure 
LXXII. Values for for negative bivalent ions are : 

O" ~ 6-95, S'" ~ 22*7, Se" “ 28*8, Te 40-9. 

The values of AR — R^rysi. — ^^gas the series from BeO 
to BaO are found to be : BeO 3-2, MgO —2*8, CaO —0-9, 
SrO —0*2, BaO +1-3. In BaO, the effect of 0 “ ~ upon Ba^""^ 
is greater than the reverse effect. The lowerings of R for 
oxides, sulphides, selenides and tellurides of bivalent metals 
are plotted in Figure LXXV, as given by Fajans,^^ in 1928. 
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Wulff and Heigl^^ find the following AR values : MgFg 
—0*44, CaFg +o-o6, SrFg +0*52, BaFg +o-8o; CaClg —3*4, 
SrCls —1-64, BaCly —i-o6. The positive effect of F~, as well 
as the influence of change in crystal structure between MgF^ 
(C4 type) to CaFg (Ci type) with increasing degree of 
co-ordination, is well marked. Wulff and King®^ give for the 



KlGURlC —l^LOT OF Rcrystal —Rfree gas ions FOR HiVALENT 

Compounds of MgO Type. 

Na-l) line the following values of AR : PbClg —1*0, PbBro 

—0-30; vSr(N03)2 -I-0, Ba(N03)2 +0‘o8, Pb(N03)2 — o-68 ; 

CaS04 —074, SrS04 ■-o-8, BaS04 —0*4, PbS04 -2-4. Sr ' 
shows stronger refraction effect than Ba^’’"; CaS04 has different 
crystal structure from SrS04, the co-ordination number of 
Ca ^ being 4, and of Sr"^'*' 7. In the isomorphous series of 
bivalent nitrates, the radius of the Pb"^"^ ion is about equal 
to that of Sr ‘ but Pb *has the larger number of electrons, 
and is not of inert gas type, so that its deforming power is 
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correspondingly increased, vSimilar views are expressed by 
Errera and Brasseiir.^^ The AlXs halides®^’show AR 
increasing in absolute amount from X = Cl ( —3 79) to Br 
( —5*15) with increasing deformability of X. When X ^ I, the 
value is anomalous (--4-29), which may be due to the action 
of horriopolar forces. The alums^^ have also been discussed. 

((') Organic Compounds. The contribution of CHa to 
molecular refraction in normal paraffins is strictly additive and 
equal to 4-60 ; the paraffins have zero dipole moment, and 
show a slight increase of polarization with temperature.^ The 
refractive indices of ethyl esters of normal fatty acids and of 
liigher aliphatic alcohols (C5 to Cio) have been determined at 15", 
20'' and 25^C.^^ The contribution of F in organic compounds 
has been computed as 1*09 for the Na-I) line, from measure¬ 
ments on benzyl fluoride. Schiemann®^ has obtained the lower 
value 0*997 from measurements on 30 aromatic compounds. 

Puschin and Matavulj®^ have examined tlie departures from 
additivity of liquid mixtures containing acetic acid and various 
amines, and have found evidence of compound formation. 
Further work®^ indicated a decrease in degree of association of 
phenols and amines on solution in benzene. The refractive 
indices of liquid mixtures oi pyridine and phenols^^ indicate the 
formation of compounds of the same composition as in the solid 
state. 

Widmer®® has found the following molecular refractions of 
alkali metal X hydrogen phthalates .* X = Na 40-92, K 43-04, 
Rb 44 - 53 » Cs 47-82, Am 44-97. 

Some further contributions to the well-known constitutive 
influences on molecular refraction of compounds may be noted. 
Leithe®® has shown that the atomic refraction contributions of 
halogens increase with the number of halogen atoms attached 
to a given carbon atom. The values for 1-2 substituted 
derivatives are different from those of 1-3. Errera^ examined 
the dielectric constants of cis- and trans-CHBr : CHBr. The 
liquid cis-compound, which is polar, showed a drop in c on 
solidification from 6-62 to 2-64, which is about the same as the 
value for the liquid non-poiar trans-compound (2 *72). Stieger ®^ 
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has evaluated the contribution of N to molecular refraction as 
2-322 for primary, 2-499 secondary, and 2*840 for tertiary 
amines, v. Auwers®® has further determined the refraction 
equivalents of carbimic and iminic N for the Na-D line, as 
follows: 0 -N==C 3-901, H-N-^C 3.05, N-N^C 3*46; 
C-N-C 4-10, N-CO-R 2-606, N-CO-OR 2-32. This author®^ 
advocates the use of specific refraction '' (equal to RjM) in 
studying the influence of conjugation and the presence of 
certain groups, as being independent of molecular sizes, and 
thus yielding comparable numbers, in opposition to the view 
of Huckel.’® V. Aiiwers’^ has recently discussed the specific 
Infractions of a large number of derivatives of pyridine, in 
connection with the structural influences of different groups. 

It is found that the semi-polar bond in molecular structure 
exerts a depression of molecular refraction of from 0-2 to o*5.’2»73 
The results appear unfavourable to the '' donor-acceptor '' 
theory (see this vol. : 40) of the association of alcohols. Double 
molecules of acetic acid in benzene have the same molecular 
refraction as single molecules in dioxane?^ Work on these lines 
has been extended to solutions of chlorobenzene, hromobenzene, 
phenol, aniline, dimethylaniline, anisole and benzonitrile in 
benzene 

The relations between the refractive indices and the 
behaviour of cellulose fibres has been discussed by Preston.^® 

(D) Refraction of Complex Groups, (a) Groups containing 
Oxygen. The contribution of complex ions containing oxygen 
to molecular refraction is generally much greater than that 
assigned to the free gas ion 0 "~ (7*0). When the total oxygen 
contribution is divided by the number of atoms, however, it is 
found that there is a lowering of refraction contribution per 
linkage. Some results are in Table XLIV. The figure in the 
R line gives the refraction to be attributed to the group, derived 
from measurements of indices of refraction (D line) of pure 
substances with any requisite allowance for the presence of other 
ions or groups. For example, perowskite CaTiOg gives r — 2 -38, 
d 4-0, whence R 20-7 by the refraction formula. vSub- 
tracting Rca++ ™ 1*4 (Table XLIII), Rtio -~ =20*7 — 1-4 — 
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19*3, and similarly in other cases. The next line contains the 
correction made for the central atom A of the group. The 
differences are then divided by the number of oxygen atoms 
to give refraction per linkage. Finally, this number is sub¬ 
tracted from 0~“ = 7*0, to give the lowering of refraction per 
oxygen atom on account of deformation by tlie central 
positively-cliarged atom. Kossel's view of the electrostatic 
constitution of the groups is provisionally adopted. The 
corresponding figures for certain oxides are inserted in the 
Table for comparison. 

In the series CO3' SiOs"”, TiO^ “, the cliarges on the central 
atoms are constant (+4) but the central atoms increase in si/.e. 
This is accompanied by diminishing deformation of O , and 
the lowering of refraction falls from 2*92 to o-S. The same 
applies to SO^ Cr04~ the latter being the more polar of the 
two. Considering next the series vSiOg'", POj , SOf ", CIO7 » 
the charge on the central atom increases from -j~4 to +7, and 
the lowerings of refraction due to deformation of O '' increase 
from 2*58 to 3*70, associated with the increase of charge. The 
lowering per 0 “ " in CO2 is approximately the same as in CIO, , 
indicating the same kind of linkage in the two cases. A similar 
comparison may be made between SO3 and SO4 “. Deformation 
is linked with a loss of polarity in these cases, so that the 
linkages lie between the polar and homopolar extremes. The 
figures in the bottom line of Table XLIV are thus a measure of 
departure from strictly polar constitution (in Kossehs sense) of 
these groups. 

The four modifications of ammonium nitraW^ have been found 
to have the same refractive indices when reduced to conditions 
of equal density ; the angles calculated between the valency 
directions agree with the X-ray results. 

(b) Groups containing Hydrogen. As previously noticed, 
Wasastjerna assumed the refraction contribution of H ' to be 
zero. Fajans and Joos,^® however, calculated --o •67, 

by subtracting the refractions of anions from those of acids in 
solution. The molecular refraction of water (Na-D line, 20°C.) 
being 3-yi, that of the ion OH ^ is given by 371 — 0-67 = 3-04. 
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This value is included in Figure LXXVI, where the refractions 
of various groups are plotted against numbers of hydrogen 
atoms. The results show the progressive lowering of refraction 
accompanying the laying-on of successive hydrogen ions ; thus 
in the series 0 ", OH“, OH2 (vapour), OH;f, the values are 
5 * 1 ^ 376, 3-04 respectively. A similar effect occurs between 



Figure LXXVI.— Refraction of Groups containing Hydrogen. The 
molecular refractions are plotted against numbers of hydrogen atoms 
present in the molecule. 

NH3 and NH^+, where the values are 5-61 and 4-13. The ions 
Rb^, 0H3^, NH^, do not differ greatly in refraction values and 
resemble each other in other ways (see Vol. i : Table XXV). 
The refraction of CH4 resembles that of Kr (see Vol. i: Table 
XXVII). The refraction values of HCl, HBr and HI in Figure 
LXXVI are taken from the measurements of Cuthbertson 
6*67, 9*14 and 1374 respectively, whence, subtracting the 
halogen ion values of Table XLI, the hydrogen makes negative 
contributions of 2*40, 3*52 and 5-47 in the three cases : thus 
contributes a negative and variable refraction, depending 
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on the deformability of the anion. If, liowever, the nucleai' 
charge of the atom linked to hydrogen in a series of inert gas~like 
groups of the same type is progressively decreased as the 
number of hydrogen atoms is increased, there is a continuous 
increase in molecular refraction (see Vol. i: Table XXVII and 
Figure LXXVI) as in the series Ne, FH, OH2, NHg, CH^. 1 'his 
is in accordance with vSection 33A above. 

Following the curve from HF to CH4 in Figure LXXVI, it is 
observed that increase of nuclear charge of the atom attached 
to hydrogen is accompanied by loss of polarity, HF being more 
polar than CH4, with HgO and NH3 as intermediate stages. 
The effect of deformation is to bring the centres of positive and 
negative charges closer together, with consequent decrease of 
polar moment ; when the two centres coincide, the non-polar 
state is reached. Fajans^^ has illustrated this with reference to 
the hydrogen halides. There are two limiting perfectly ideal 
cases : (i) the completely polar, where rigid and undeformed 
unlike ions are present; (2) the completely non-polar, where 
like atoms are associated in such a way that the centres of 
gravity of positive and negative electricity are coincident. The 
hydrogen halides then appear as intermediate between the 
extremes, having natural dipole moment, the dipole distances 
(calculated from the dipole moments divided by the electronic 
charge) being less than the internuclear distances, as found from 
the moments of inertia deduced from band spectra. The follow¬ 
ing scheme, due to Clark,shows values of the dipole moments, 
dipole distances and internuclear distances of the four hydrogen 
halides. The numbers in brackets are based on estimates. 


Halide. 

Dipole Moment 

Debye Units 

Dipole Distance 
t 

A.U. 

Internuclear 

Distance 

A.U. 

100/ 

HF 

(i- 58 ) 

( 0 - 33 *) 

0-864 

(38-3) 

HCl 

I -06 

0*222 

I -272 

17-5 

HBr 

o*8o 

0-168 

1-4TI 

11-9 

HI 

0-41 

i 

o-o86 

(i'f' 37 ) 

( 5 - 3 ) 
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If the HCl molecule had been composed of rigid ions and 
Cl", the dipole distance would have been equal to the nuclear 
distance, and the ratio in the last column would have been lOO. 
If the molecule had been completely homopolar, the dipole 
distance and tlie ratio would have been zero. The actual value 
of the ratio lies between loo and o, and is 17*5 ; the dipole 
distance lies between 1-272 and o, and is 0-222 A.U. Thus HCl 
behaves as if composed of 17-5% of polar, and 82-5% of 
homopolar molecules, and has properties which resemble both 
the polar and homopolar types. It is like a homopolar body in 
being difficult to condense, and forming a non-conducting 
liquid ; moreover, in the solid state, it gives a molecular lattice ; 
it dissociates under the influence of light, and in concentrated 
aqueous solutions has considerable vapour pressure (loN 
solution has 4 mm. Hg pressure). On the other hand, liydrogen 
chloride resembles a polar substance in aqueous solution in 
behaving as a strong electrolyte, and, in dilute solutions, in 
giving very small partial pressures of HCl (o-iN solution has 
2 X 10 ^ mm. Hg). In HBr, the greater deformability of Br ' 
as compared with C\ leads to a further loss of polarity. vSome 
further consideration of the influence of proton addition on 
molecular refraction is in Section ssBa below. 

The value of for HF has been estimated as 1-000136.'^® 
Using this and the extrapolated experimental values of (Tith- 
bertson' 7 ® for the other three halides, it is possible to compare 
the corresponding molecular refractions with the values 
calculated on the assumption of additivity, the contributions 
being taken, from the study of organic compounds, as H i-io, 
F 1-09, Cl 5*96, Br 8-86, I 13*90. The following values of 
R ^ — Apair.; are then obtained: HF 2*03 — 2-19 - 

-~o-i6, HCl6*49 — 7-06 =" —0-57, HBr8-87 -- 9-96 —1-09, 

HI 13*18 — 15-00 —1*82, showing progressively increasing 

deviation with increasing deformability of the halogen atom.’® 
This calculation is based on the assumption that the linkages 
between hydrogen and halogen are homopolar, as in organic 
compounds, and offers probably a more accurate picture of the 
structure of the gaseous hydrogen halide molecules than the 
purely electrostatic view (H'^X'"). Mulliken®® has used the 
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term '' united-atoms '' to describe these cases, whilst Clark®^ has 
included them in the more general group of di-atoms/' 

(c) Contrapolarizaiion. This term has been proposed to 
describe the polarization of the outer atoms of a complex ion by 
an anion or cation ; thus F“ may exert a deforming influence 
on the outer system of NH4^ in Goldschmidt^^ 

discussed compounds of the Type (AX6)Bo from this point of 
view. 


35. Refraction and Physical Properties. 

(A) Refraction and Solubility. Herzfeld and Fischer®^ 
sliowed that, especially where salts of analogous composition 
are compared, a salt dissolves less easily the more negative is its 
heat of solution. Thus Nal and AgF have positive heats of 
solution, whilst that of Agl (sparingly soluble) is negative. 
Fajans®^ pointed out that heat of solution is made up of several 
terms. When a solid lattice breaks up into ions, work equal to 
the lattice energy U must be performed ; in the subsequent 
process of solution and hydration of the ions, energy W is 
evolved, where W the sum of the heats of 

hydration of the constituent ions. The size of W is a measure 
of the '' hydrophile '' tendency of the substance, which may still 
not be very soluble even when W is large unless U is relatively 
small. The following expression for heat of solution L is thus 
developed 

L-=W - C7 mx - Wu + - C/,,, . (5) 

This equation is most readily applied to the comparison of a 
series of salts MX, MjX, where X = Cl, Br, NO3 . . . etc. 
Fajans (1928)2® carried out the comparison for M Ag, Mj 
Na, where 

“ -^NaX ~ (^Ag ~ l^Na) “ i^^AgX ~ f'\^ax)*“(6) 

The difference is small and constant in these 

comparisons, so the differences between heats of solution are 
approximately measured by the differences of lattice energies of 
AgX, NaX. Where ““ ^Nax is small, as when X F, 
NO3, T^gx is not very different from ^.nd similar 
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solubility may be expected. The greater the diffeixaicc f/Agx 
the more negative is L^gx comparison to L^^x> 
the smaller the relative solubility of AgX. The values of 
lattice energy differences for different anions are estimated as 
follows : 


X 

i 

NO.. 

ISO, 

jco„ 

Cl 

Br 

r 

50 

is 

iSe 

Fajtx f^NaX 

i 

10-5 

11 -5 



31-4 

3<) • T 

j 

45-4 

i 

49-8 

63*6 


In Figure LXXVII, values of the logarithms of the solubilities 
of salts of the type named (solubilities in molecules per 1,000 gr. 
water) are plotted against the differences of lattice distances. 



Figure LXXVII. —Comparison of Solubilities of Corresponding 
Sodium and Silver Salts in Water. 

It is observed that the fluorides and nitrates are almost equally 
soluble, whilst the other salts show progressively increasing 
differences in solubility between sodium and silver compounds 
in the order of increasing lattice energy differences, according to 
the above figures. 

The estimates of the differences t^Agx ^Nax sure not the 
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same for the halides as those given in Section 33C above, but 
the order of sequence is the same, this being the essential point 
in relation to the influence of deformation. In the earlier 
section named, the effect of deformation upon lattice energy is 
discussed, and the question is further illustrated by the curves 
of Figure LXXVII where the superior influence of Ag^* as a 
deforming cation as compared with Na"^ is clearly seen. With 
increasing deformability of the negative ion, and roughly in the 
same order, the solubilities of the silver salts fall below those of 
the corresponding sodium salts. The solubilities of silver com¬ 
pounds decrease from fluoride to iodide, and from oxide to 
selenide. The low solubility of Agl (wurtzite type) may be 
compared with those of diamond and grey tin, which are homo- 
polar and non-conducting bodies. Yet Agl is a conductor in 
the solid state (see Vol. i: 21), and hence is not a completely 
homopolar substance. The solubilities of the sparingly soluble 
silver halides are given in Vol. i : Table XXXII. 

The deformation of ions appears as an indirect factor in 
determining solubility, but the influence is not completely 
understood. It is of interest to note that whilst AgCl and AgBr 
are very insoluble, HgClg and HgBrg are only moderately so, 
and CuClg and CuBrg are very easily soluble. Passing from 
salts of Ag"^ to those of Cu+*^, it appears that the double charge 
in the latter case leads to an increase of heat of hydration 
which exceeds the rise in lattice energy, and so there is a rise 
in solubility. Hg^ '" salts tend to be little dissociated, and 
soluble in organic solvents. In these cases, it may be supposed 
that one-sided deformation occurs, with liberation of deforma¬ 
tion energy. 

The influence of the hydrophile tendency of ions upon 
solubility is discussed by Magnus,®® the effect being expressed 
in Fajans' theory by the term W occurring in equation (5). 
Thus Li+ is small compared with other alkali metal ions, and 
may be expected to have considerable affinity for the water 
dipole. In LiF, the ions are very strongly bound in the crystal, 
so that, in spite of the effect mentioned, no very great solubility 
is to be expected for this compound. From LiF to Lil, and 
from LiF to CsF, the lattice energies decrease, the hydrophile 
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tendencies iilso decrease as larger ions are substituted, and the 
solubilities tend to increase. The high solubility of AgF is 
associated with the highly hydrophile anion. Similar con¬ 
siderations apply to bivalent ions. Increasing insolubility is 
observed in the series CaS04~>SrS04“->BaS04. Here tlie 
doubly-charged ions give higher lattice energies and greater 
hydrophile tendencies than univalent ions. The lattice energies 
of the series will not be very different, so the cause of the 
decreasing solubility seems to lie in decreasing hydrophile 
tendency as the cations become larger. 

Fajans* solubility rule may be expressed as follows : For 

alkali halides with the same anions or cations, the solubility 
attains a minimum for equal heats of hydration of anions and 
cations, and increases with increasing difference in the heats of 
hydration.'' Linhard and Stephen®® have studied the 
solubilities of 24 salts (alkali metal, silver and alkaline earth 
halides) in liquid ammoniay and find the rule to be obeyed. The 
influence of the dipole moment of the solvent is observed in the 
solubility of inorganic salts being generally less in alcohol 
than in water, alcohol having the lower dipole moment. 

(B) Refraction and Ionic Dissociation, (a) Acids and 
Bases, According to a rule proposed by Kossel,® hydroxides 
give weaker bases the smaller and more highly charged the 
cation becomes. Thus basicity decreases in the series : 


Hydroxide 

Na(OH) 

Mg(OH), 

AI(OH). 

Si(0H)4 

PC)((JH), 

S()a(01i)j 

CIO, (OH) 

Charge on 
central 

Atom 1 

1 

11 

i 

Ill 

i 

IV 

V 

1 

VI 

VII 


Kossel's sequence is interesting in relation to the deformation 
theory.®® In NaOH, the small deforms the oxygen atom 
more than Na"^', and hence it comes near to the oxygen, and 
the substance ionizes as a base. As the charge on the central 
atom increases, the deformation of the oxygen by the positive 
cation becomes greater, tending to draw the oxygen away 
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from and hence an increasing tendency to ionize as an 
acid is observed in the series. 

The strengths of acids and bases run parallel with their heats 
of dissociation in solution, into which term the separate heats 
of hydration of the ions enter. In the case of acids, the same 
change 11+ + HgO enters in, and their strengths will 

therefore be largely determined by the deformation of the 
anions. An interesting case is provided by H2SO4 in aqueous 
solution, investigated by Kohner, and discussed by Fajans, 
Kohncr and Geffcken.®'^ The curve between molecular 
refraction of the acid and its concentration gave a minimum at 
about 40 molecular per cent., which was considered to cor¬ 
respond approximate!}^ to the formation of a compound 
HgSOJioO or HSO4 H3O4 (strictly requiring 50 mol. %). 
The molecular refractions are as follows : infinite dilution 
(extrapolated), 13-60 ; at the minimum, 13-45 ; for the pure 
acid (extrapolation), 13*51. The curve thus shows a rather 
steeper fall to the minimum on the side of lower concentration. 
Now the refraction of SO 4 is 14*84 (Table XLIV), so the 
lowering of refraction due to the stabilizing of the sulphate ion 
by in the process SO'T + 2H'^““>H3S04 is found to be 
14-84 — 13-51 1*33, or 0-67 per laid on. This is equal 

to the e.stimated effect of the '' destabilizing '' pi'ocess 
HgO + H+, which should give a raising of refraction of 3-71 — 
3-04 ^ 0-67, so that the two processes might be expected to 
compensate. The minimum in the curve connecting refraction 
and concentration finds explanation, however, in assuming that 
tlie lowering of refraction due to the laying-on of the first H"*" is 
greater than that due to the second Assuming that in the 
three changes (i) SO;- + H+->HS04 , (2) H30+->H20 + H+, 
(3) HSO4- + H'^->H2S04, the lowering of refraction associated 
with (i) outweighs the raising due to (2), which in turn exceeds 
the lowering due to (3), then the falling portion of the curve 
at lower concentrations may be associated with the pre¬ 
dominance of (i) over (2), and the subsequent rise to the 
greater influence of (2) as compared with (3). It will be 
interesting to observe whether measurements on other polybasic 
acids lead to similar conclusions. 
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It will be convenient to study the effect of proton addition to 
molecules and ions in lowering refraction and '' stabilizing 
the groups. We may consider the process I + II, Ri 

and Rji representing the refractions respectively before and 
after the proton addition. The following scheme shows 
estimated values of these numbers, and also AR = i?j — R^^, 
The values of i?i for 0 “ and S“ ~ are as in Section 34B, derived 
from comparison with inert gases by Fajans' method.^’ The 
values are consistent with i?Nastin ^ 0*20. 


T 

ih 

OH. 

3*75 

NH3 

5-(>3 

Cl- 

9*07 

Br- 

12-66 

1“ 

19-21 

OH“ 

4-76 

SH~ 

13-28 

0- 

6*95 

22-7*" 

II 

0H3+ 

3-05 

NH4+ 

4-31 

HCl 

6*07 

HBr 

914 

HI 

1374 

OH2 

3-75 

vSH. 

9*57 

OH~ 

4-76 

-SH- 

13-28 

AR 

0 

c 

1*32 

2*40 

3*52 

5'47 

l-OI 

371 

2-19 

9-4 


It is observed that successive additions of protons to O to 
give OH , OH 2 and OHg"^ give a decreasing sequence of : 
2-19, i-oi, 070. The first proton added to S“" gives a 
diminution of 9-4, the second 371, in the same order. Fajans^’ 
studied the functions Qi = ARjR^ and ^ ARJR^^, and found 
that for OH 2 and NHg and the univalent negative ions 
exponential relations of the type Q = a{i — where a, b 
are constants, held good. A method of deriving Ri from R^ 
was thus obtained, and it was found that the Rj's of O ” and 
S , deduced from the R}^*s of OH” and SH“ respectively, gave 
AR's about half as great as those given in the above scheme. 
It was concluded that the stabilizing influence of a doubly- 
charged ion was about twice as great as that of a singly-charged 
ion of the same polarizability. 

An observation of Morelli®® to the effect that the molecular 
refraction of boric acid dissolved in glycerine decreased with 
increasing concentration, the values being greater than for 
aqueous solutions of the same concentration, may be noted. 
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Figure LXXVIII.— Relation Between Molecular Refraction and 
Concentration of Dissolved Salts (Fajans, Kohner and Gelicken). 

(b) Salts. Figure LXXVIII, due to Fajans, Kohner and 
Geffcken,^’ shows the changes of molecular refraction of 
dissolved salts with changing concentration, and includes 
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measurements of Huttig, Keller and KukenthaP’* on LiBr, Lil 
and HCl. The curves are in all cases very approximately 
linear, referred to a zero limit for infinitely decreased con¬ 
centration, and are based upon measurements of indices of 
refraction at different dilutions, and calculation of the Lorenz- 
Lorentz function with allowance for the refraction of the water 
present (subtracted). Examination of the figure shows that the 
salts fall roughly into three classes : (i) where the refraction in¬ 
creases with concentration (KF, NaClOi, Ba(C104)2, (NH4)2S04); 
(2) where the refraction changes little with concentration 
(CsCl, Al2(S04)3) ; (3) where the refraction decreases with 

increasing concentration (RbCl, NaCl, NaBr, LiCl, AICI3, LiBr 
and Lil). Where the positive ion is polyvalent, the figures 
shown are obtained by dividing by the valency, in order to give 
comparable curves. 

Fajans interprets the results in favour of the theory that 
strong electrolytes are not completely dissociated at all con¬ 
centrations, an idea which has found considerable support in 
other directions. In order to explain the curves of Figure 
LXXVIII, it seems necessary to postulate that in the more 
concentrated solutions ions may be in immediate contact witli- 
out intervening molecules of water, indicating the presence of 
undissociated molecules in such solutions, as Arrhenius supposed. 

The three classes of curve mentioned above are found to 
afford very clear examples of the application of deformation 
principles. Assuming that the ions in solution can exert 
influence on water molecules in their neighbourhood, and, more 
especially as the concentration increases, on oppositely charged 
ions in contact, four possible factors may operate, as shown in 
Table XLV, the observed effect depending on whichever of 
these factors predominates in a given case. 

The AR values of Figure LXXVII and Table XLV are 
referred to refraction at infinite dilution as zero, and are thus 
calculated from — 2?sait{ oo)^ where (c) refers to con¬ 

centration c, the values of R^^xi being obtained by subtracting 
the refraction due to the water present from those obtained 
from measurements on solutions. 

The influences (i) and (2) of Table XLV are evidently 
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increased with increasing concentration, which brings a larger 
number of ions of opposite kinds into contact, according to the 
theory. With regard to (3), in infinite dilution, a (highly- 
deforming) cation lowers the refraction of water, and, as the 
solutions become more concentrated, this effect is reduced, by 
a lowering in the number of free cations. Tliere is therefore a 
positive effect on the refraction of the dissolved salt, the effect 


Table XT.V.—INFLUENCE FACTORS ON REFRACTION OF SALTS IN 
AQUEOUS SOLUTION. 


Rff. 

No. 

Influence 

Effect 

A ^diss’d salt 

Effect on AR oi increasing 
concentration 

( 1 ) 

Cations upon Anions 

Stabilizing of Anions 

Negative 

Increasing negative 

( 2 ) 

Anions upon Cations 

Loosening of Cations 

Positive 

Increasing positive 

(3) 

Ca tioDs upon Water 

Lowering of Refraction 
of Water 

Positive 

Increasing positive 

( 4 ) 

Anions upon Water 

Raising of Refraction 
of Water | 

Negative 

Increasing negative 


becoming more marked with increasing concentration, as stated 
in Table XLV. (It may be remembered that the values of 
obtained by subtracting the normal refraction of 
water from the corresponding values of , so that, accord¬ 
ing to the argument, the correction made for water is relatively 
too great in infinitely dilute solution as compared with the 
correction for concentration c, lienee the values of — 
^^sait(c) “ ^sait( X) positivo, and become increasingly so 
as c increases. In (4), the effect is exactly opposite to that 
(3)-) 

In comparing the refractions of ions, since the deforming 
force is exerted upon single electrons, the values for equal 
numbers of outer electrons must be used. Thus, if == 9*o 
(8 electrons), then i^nor ^3*32 (32 electrons) must be divided 
by 4 to obtain ^cio7”^3*34 (8 electrons), and similarly 
^so ^ i X 14*84 ™ 3*71. In this way, the following 
numbers are derived for refractions of ions concerned : F , 
2*5; C10r,3*34; SO, ' , 371 ; CT , 9*0 ; Br , 12*67 ; r, 
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19-24 ; Li ^ 0-2 ; Na“^ 0-5 ; K ^ 2-23 ; NH4+, 4-13 ; Ba+ ^ 
4-28 : whilst that for water is 3-71. Referring to Figure 
LXXVII and Table XLV, the rising curve of KF is accounted 
for by Fajans as due to influence (2), the highly-deforming 
anion F" operating upon the cation K“^, with a raising of 
refraction. (It is not clear, however, that F will not operate 
upon water, introducing influence (4), since the refraction of 
water given above is greater than that of K"^.) The refractions 
of the cations are greater than those of the anions (for equal 
numbers of electrons), and also greater than the refraction of 
water in Ba(C104)2, NH4(S04)2, so that influence (2) operates. 
The curve for NaC104 cannot be attributed to this cause, and 
must be associated with influence (3), the small highly- 
deforming cations operating upon water molecilles and lowering 
their refraction, and thus increasing the apparent refraction of 
the dissolved salts when plotted in the way explained, the 
refraction of water being greater than that of CIO4 . The 
effect for LiC104 is greater than that for NaC104 in accordance 
with anticipation, Li ^ being smaller and more deforming than 
NaT'. The sulphate ions and water molecules are equally 
deformable, hence the influence factors (i) and (3) approxi¬ 
mately neutralize each other in 1^2804 and Al2(S04)3, and the 
curves do not show any great variation with increasing con¬ 
centration. In the salts containing CT , Br and 1 “^, the anions 
are much more deformable than water as measured by their 
refractions ; hence the main influence factor is (i), the effect 
increasing as the deformabilities of the anions increase. Thus, 
at a given concentration, the lowering of refraction due to Lil 
is greater than that due to LiBr, and still greater than that due 
to LiCl; similar gradations are observed for NaBr and NaCl, 
and in the series LiCl, NaCl, RbCl and CsCl, where Li ’ is the 
most deforming of the four cations. 

The ordinates in Figure LXXVII are expressed in 10' "units 
of refraction, so that the changes are not very large. The 
result of the present discussion is to confirm the older view that 
undissociated molecules are present in solutions of strong 
electrolytes, though in a degree smaller than Arrhenius sup¬ 
posed. 
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Attention has more recently been paid to temperature as well 
as concentration influences. Shibata and Holemann^® have 
studied the molecular refraction of aqueous solutions of NaBr, 
KCl, KI, NH4CI and BaClg at 25°, 35°, and 45°C. ; in each case, 
R falls with increasing concentration and rises with increasing 
temperature. In the case of NaClO^,®^ R rises with rising T, and 
with increasing concentration, as previously observed. The 
same is true of NagCOa,®^ CaCl2, SrClg and BaCl^ decrease 
linearly with concentration, the curve for BaClg lying below 
that for CaClg and SrClg, which are coincident. Geffcken and 
Kriiis,**^^ using precision methods, find that ^R falls linearly 
with concentration for NH4NO3, whilst NaCl and KCl give 
maxima in about iN solution. The results are discussed in the 
light of the Debye-Huckel theory of strong electrolytes. 
Brodsky and collaboratorsexamined TlCl, TlNOg, KCl, KBr, 
KNO3 and NaCl from o*ooi to o-iN, and also investigated the 
temperature effect. A much steeper fall of refractivity with 
concentration than tliat found by Geffcken and Kruis was 
obtained for NaCl, KCl and NaNOa solutions, so that Fajans 
and Geffcken^® suspected some error in the measurements. 

Fajans, Holemann and Shibita,®® in a summarizing paper, 
hold that the original conceptions of Fajans and Joos have been 
confirmed. Additivity of ion contributions to refractivity 
holds for infinite dilution, the dissolved ions making different 
contributions from the free gas ions, as previously suggested. 
The effect of ions on the solvent medium is confirmed, increasing 
concentration leading to an increasing proportion of 
undissociated molecules in the solutions. The results appear in 
general agreement with conclusions based on the osmotic 
pressures of the solutions. 

The temperature coeflicient of molecular refraction at infinite 
dilution for inorganic salts may be obtained by use of the 
differentiated form of the Lorenz-Lorentz function : 

AR 6r M Ar R Ad 

AT ^ (^2 d'Af . 

The values for NaCl, KCl, NH4CI, NaBr, KBr, KI, NaClO^ and 
BaClg are found to be of the order 2*5 to 6*5 X 10“ ^ cm.® per 
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degree, and are greater than for the free substances, whetlier as 
solid, liquid or gas. The result is attributed to decreasing 
solution effect (influence of ions upon the solvent) with 
increasing temperature. It is necessary, in order to explain the 
results, to assume a small solution effect for K ’ and Cl“ and 
for other ions of the series, where the effect becomes still smaller 
(see Table XLI). 

Taylor and Gloverhave carried out studies in the refractive 
index of saturated aqueous solutions of KMn04. 

(C) Refraction and Absorption. Evidence of deformation 
of the anions of silver salts has been given (Section 33 C above) 
on the basis of their lattice distances and energies as compared 
with those of corresponding sodium salts. This is further- 
shown by the lack of additivity of lattice distances of the silver 
halides,and has been associated with the comparatively great 
deforming power of a cation not of inert gas type. Meisen- 
hcimer^® pointed out that salts containing ions of the inert gas 
type were usually found to be colourless, that the chlorides of 
metals and hydrochlorides of organic gases were often white, 
whilst the iodides and hydriodides were generally coloured. 
The cause of the appearance of colour was found in the larger 
atomic volume of iodine as compared with chlorine, so that a 
smaller attractive force existed between the nucleus of the 
atom and its outer sheath in the case of iodine. This sheath of 
electrons was regarded as relatively unstable, so much so that 
the feeble energy of visible light was sufficient to displace it, 
with the appearance of colour. Where chlorine does not build 
up an ion of inert gas structure, as in ClgO, colour is observed. 

According to the Bohr theory of atomic structure, the energy 
differences of an outer electron between a level and the next 
higher (farther from the nucleus) decrease outwards from the 
lowest level. The larger differences between inner levels 
correspond to absorption in the ultra-violet; the smaller 
differences between levels in the more outer region to absorption 
in the visible region. According to Fajans (1928)deformation 
of anions by cations leads to a shifting of absorption from the 
ultra-violet into the visible region in the direction of longer 
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waves. Thus, although Pb'* '^ and 1 are colourless, Pbig is 
yellow on account of deformation : PbClg and PbBrg are colour¬ 
less on account of the smaller deformabilities of Cl~ and Br“. 
A similar gradation is observed in the silver halides, where AgCl 
is colourless, AgBr pale yellow and Agl yellow. In the same 
way, development of colour in the direction of longer waves is 
observed in the nickel and copper halides : 


Nil's 

NiCla 

Nilir* 

Nil, 

CuF, 

CnCl, 

CuBr, 

yellowish 

yellowisli-browii | 

dark brown 

black 

coloin-h*ss j 

yellowish-brown 

brownish-black 


According to Bohr, Ag', Hg ^ and Cu'^ are symmetrical, 
having completed sheaths of i8 outer electrons, whilst Cu"^' 
contains an incomplete sheath and readily gains an electron, so 
that Ciilg is unstable and passes to Cul with liberation of 
iodine. Cu ' is apparently colourless, since anhydrous CUSO4 
has no colour. The familiar blue of copper salts containing 
water of crystallization and of the bivalent copper ion in aqueous 
solution may therefore be attributed to deformation of water 
molecules surrounding Similarly, the deep blue of 

copper salts with co-ordinated ammonia is ascribed to deforma¬ 
tion of ammonia molecules. It frequently happens that oxides 
and sulphides are coloured, whilst hydroxides and hydro¬ 
sulphides are colourless, since OH “ and SH are stabilized by 
Hand are therefore less deformable than 0 “" " and S“' 
respectively. The colour of certain substances, for example 
ZnO, PbBro, AgBr, is developed by lieat. The greater 
amplitudes of heat vibrations may be supposed to bring the ions 
nearer together, with consequently increasing deformation. 
Development of colour is also noticeable in the series : TiCl4 
(colourless), TiBr4 (pale yellow), Til4 (red). Thl4 is colourless, 
since the thorium atom is larger and less deforming than that of 
titanium. 

Ladenburg and Bohr linked the colour in salts of metals of 
group VIII of the periodic table with the presence of incomplete 
inner electron groups in the atoms of these metals and those 
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adjoining them in the transition series. Fajans^^ pointed out 
that completion of outer electron sheaths plays no discernible 
part in the development of colour; thus Cu“^"^ in spite of its 
incomplete shell is uncoloured, and Ag"^, Hg^'^in conjunction 
with deformable anions lead to colour, although the sheaths of 
these cations are completed. It was therefore concluded that 
colour is no specific property of free cations, but is dependent on 
the anion. 

Gudden and PohP® discussed the relation between deforma¬ 
tion and the photoelectric conductivities of substances. Thus 
many compounds where deformation is recognized to be present 
act as carriers in this way, for example, in the polar group, the 
majority of sulphides and oxides, the halides of many heavy 
metals and some carbonates, and, amongst the non-polar 
elements, diamond, sulphur, red selenium and iodine. In these 
non-polar substances, stabilizing of electron sheaths results in 
the formation of a homopolar linkage, which, according to the 
view of Knorr,^®® is associated with the attachment of electron 
orbits to more than one nucleus. It is of interest to note that 
these substances also act as carriers of the photoelectric current. 
Gudden and Pohl regard an increasing phase-relation '' 
between the electrons of different atoms to be characteristic of 
the transition from the polar to the homopolar states of matter. 
The effect of light on the dielectric constant of Sidot blende is 
noticed in this Vol. : 28B. 

Ephraim and co-workers^®^'^®^ have examined the shifting of 
absorption maxima of reflection spectra of the ammoniates of 
halides of the rare earths, praseodymium, neodymium and 
samarium. The addition of ammonia and water molecules 
causes shifts towards the violet: progressive substitution 
F->ci->Br“>I causes absorption increasingly towards the red 
end of the visible spectrum. The results are held to be in 
agreement with Fajans' deformation theory : thus F attracts 
the electrons of the rare earth ion more strongly than iodine, 
on account of the greater deforming power and smaller size of 
F. Selwood^®^ has carried these observations a little farther 
in an investigation on the deformation of the electron shells of 
the neodymium ion in solutions of neodymium perchlorate. 
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(D) Refraction and Dispersion. The variation of refractive 
index r with wave-length A (or frequency v) may generally be 
fairly accurately represented in the case of a gas by an 
expression of the Sellmeier type : 


a a'X^ 

Y - I =r-— - 

h ^ A^ -- V 


( 8 ) 


where a, 6 , a', h' arc constants for the substance considered. 
From this, Voo may be found, by putting r o. 

Dispersion of refraction may be treated similarly to refraction 
at a given frequency.’® Thus, taking the frequencies of the 
H -/3 and H-a lines, it is possible to examine departure from 
cidditivity requirements by a formula AD {Ri^ — ^a)obs - 
- /?a)caic- values of AD are found to follow similar 

rules to those outlined above for AR, 

Recent refraction and dispersion measurements have been 
made on the following gases or vapours : Air,^®^’^^^ He,^^’ Ne,^^’ 
A/o 4 ai 5 .ii 7 Og^®^^®’ Ng,!®^'^®^ Hg,i®S'i^® 

HgS,ii® BCl3,iii SiBr4,ii^ 

CHgClg,!!®!!^ CRCls,110.111 CCI 4 ,''" CHaBr,!!^ CHgBrg,!^! 

CHgCHO,!®® CHgCOCHg,!!! CgHsOCgHs,!!!; also upon HCN,i^« 
CHaCN,!!® CeHsCN,!!® CeHgNC KCl,^'" AgCl,i®® AgBr,i«« 
TlCld®® TlBr.^®® (See also 31,323739,40,55,66,78) Evidence has 
been obtained that liquid prussic acid consists mainly of HCN 
molecules. 


(E) Refraction and Atomic Linkages. The chief con¬ 
tributions of the deformation theory of molecular refraction to 
our understanding of molecular structure may be conveniently 
summarized under three heads.®’ (i) The influence of size, 
charge, departure from inert gas-like type, and (in solids) degree 
of co-ordination of ions have proved significant. The refraction 
of crystals increases with increasing co-ordination number, for 
example, in passing from NaCl to CsCl types. Ions not having 
inert gas structure are specially strongly deforming, and, in 
conjunction with large anions such as I“, tend to set up homo- 
polar linkages. (2) The small difference between the molecular 
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refractions of liquid and gaseous substances may be associated 
with the setting up of van der Waals’ polarization forces between 
neutral molecules. Thus for SiCl4, SnCl4, SnBr4, CH3COOH, 
JR -= i?vapour - ^liquid positivo. (3) The increase of 

apparent R of 0*03 % per degree rise of temperature for dissolved 
electrolytes may be associated with the solution effect, or 
influence of ions upon the solvent. Eykmann (see p. 360) 
found that for 40 organic liquids, between 20° and So'^C., there 
was a positive temperature coefiicient of refraction of about 
0‘005 to 0-012% per degree. Measurements on changes of 
refraction with temperature of vapours show either 
inappreciable (HgBrg, HgO) or very small (CO2) temperature 
coefficients, so that the results on liquids may be attributed to 
weakening intermolecular forces with rising temperatures. 
Information is thus gained on various types of forces between 
atoms, molecules and ions. 

The deformation theory of molecular refraction has made 
definite contributions in the direction of clearer insight into the 
interactions which take place between unit particles in solids, 
liquids and gases. On the other hand, explanations thus far 
advanced have been mainly qualitative, and the theory seems 
to await quantitative foundation. Further, the somewhat 
arbitrary nature of the assignments of refraction contributions 
of free gas ions constitutes a weakness in the present treatment 
of the subject, whilst estimates are altogether lacking in the 
case of ions not of inert gas type. Fajans' theory none the less 
affords much satisfaction, and doubtless contains the germ of a 
fundamentally important idea. From the structural stand¬ 
point, the theory is helpful towards understanding the possible 
nature of molecular states intermediate between the ideal 
polar and homopolar types. 
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CHAPTER XIII 


POLAR MOLECULES 

36. Measurement of Permanent Electric Moment 

The conception of atomic electric doublets was introduced by 
Sutherland^ in 1895, and further extended by Rcinganum,^ 
Thomson^ and Bradford.The fundamentals of the theory of 
polar molecules, having “ intrinsic or permanent/' as 
opposed to “ induced " moment, were due to Debye.^ It was 
shown that at lower frequencies such molecules would become' 
orientated by an applied field, and that it was necessary to 
introduce an orientation term into the Clausius-Mosotti 
expression for molecular polarization (see Chapter XI). Tlie 
orientation polarization was found to vary inversely with 
absolute temperature, the molecular moment itself being 
assumed to be independent of temperature. 

The order of size of dipole moment is of the electronic charge 
multiplied by the unit of distance; if the charge is in electro¬ 
static (E.S.) units, and the distance in Angstroms, the 
magnitude will be of the order 4 X 10 ^^® X 10 ® ™ 4 X 10 
E.S.C.G.S. unit. The unit is taken as lo"^®, which is termed 
one Debye (D). All values are given in terms of this unit. 

Methods available for the experimental determination of 
electric moment are considered in the four following sub¬ 
sections. 

(A) Temperature Variation Method. Slightly modified 
forms of equations (8) of cap. X and (18) of cap. XI may be 
given as follows :— 

PT =^aT + b .... 

PT = 4„iV(ar + -,) 

3 3« 
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which lead to 

a = - ^ TrNa 

3 

and 

b 

-fk 

Inserting N 6-o6 X and k i* 572 X 10 in equation 
( 4 ). 

()-oi2yVb X 10' . (5) 

If now curves are drawn from the experimental results 
representing the variation of PT with 'I, the intercepts on the 
PI' axis will represent values of and the tangents of the angles 
of slope values of a. Figure LXIII shows the curve found by 
Isnardi and Gans^’ for ether, which has a polar molecule. 
When intrinsic electric moment is absent, 6 = 0, and the curve 
passes through the origin, as Isnardi and Gans found in the 
case of toluene. If P is plotted against i/ 7 ", on the other hand, 
the intercepts on the P axis measure and the tangents of 
slope angles give h. In this case, for b --- o, giving = o, the 
lines run parallel to the i/ 7 ' axis, as shown in Figure LXXX, 
CCI4 and CH4. 

Using equation (3), Jona"^ found /x 1*53 Debye units for 
NH3 gas. Zahn® plotted P against i/P for HCl, HBr and HI 
vapours, and found ix = 1-03, 078 and 0-38 respectively. It is 
noteworthy that these values are in the order opposite to that 
of the deformabilities of the negative ions. Zahn was able to 
show that by extrapolation to i/P o, that is, to high tem¬ 
perature, where deformability alone is operative, the 
polarization values decreased in the series HI to HBr to HCl 
(Figure LXXIX). At ordinary temperatures, the dipole effect 
assumes increasing importance, and the order is reversed. 
Sanger*^ investigated the series of liquids CCI4, CHCI3, CH2CI2, 
CH3CI, and found /x ~ o, 0-95, 1-59 and 1*97 respectively, the 
moment increasing with increasing molecular disymmetry 
(Figure LXXX). For water, Stuart^® found 179, and 
Williams^^ 170. The earlier value of Jona’ was 1-87 X 10“^®. 
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(B) Optical Frequency Method. In this Vol arP u ■ 
observed that owing to the relativelv tiiah ^ ^ 

molecular dipoles the moWn/o ^ ^ 
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value for infinitely long waves is obtained by means of a 
dispersion formula. If, then, e r*, the following expression 
independent of temperature is used :— 


R 


00 


rl-i M 
+ 2 d 



( 6 ) 


whence, using (2), it follows that 




SO that, inserting values of N, k and tt, 

^ 0*0127 X — ^oo . (7) 

from which may be obtained from a single determination of 
P at a given absolute temperature T. This method has given 
comparable results with the studies on temperature variation, 
though not always in very good agreement. For ammonia, 
Jona found (m = 1*56, in satisfactory agreement with the value 
found by the method of Section 36A above, derived from the 
following figures : P ^ 57*6 c.c. at T — 292*2*^K ; for 
T ^ 273°K, r (D line) 1*000379, Mjd 22,400 ; whence 
7 ?00 57> (P ^00 )292-2‘'K= 51the above value 
of /X then follows using equation (7). 


(C) Solid Dielectric Method. Errera^^us suggested the 
use of measurements of dielectric constants of solid bodies, 
where the permanent dipole effect is absent, as a means of 
determining that part of molecular polarization which includes 
Pe and P^ (equation (21) of Chapter XI). Measurements on 
substances in the liquid or dissolved states then yield the total 
polarization P, whence by subtraction the orientation polariza¬ 
tion Pq may be found, where Pq = b/T, Equation (4) then 
enables fi to be calculated as in the previous method (b). It 
was found (this Vol. : 27A) that the dielectric constant of cts- 
dichloroethylene was greater than that of the trans-compound, 
associated with permanent moment of the cis-compound due 
to its greater lack of molecular symmetry. Errera showed that 
the dielectric constant of the solid civS-compound, where the 
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dipole effect was eliminated, was equal to that of the tram- 
compound in the ordinary state. The following values show 
this for the bromine and iodine derivatives - 



CHBr = 

CHBr 

CHI = 

= CHI 


rc. 

BB 

fC. 

€ Jc 

cis-isomers 

/ra?is-isomors 

( 17 liquid 

1 — 72 solid 
j 8 liquid 

6-62 \ _ 
-641 P-"' 

^ —o*o8 
2*72) 

f 18 liquid 

( —30 solid 

27 liquid 

-46 ) 

3. 61 ' ■’» 


As a result of this work, it is shown that r^'s-dichloroethylene 
has fJL 1*89, the /m^^s-compound, ~ o, and the asymmetric 
isomcride (XI2 - CH2, /x ~ i*i 8 . Ortho- and meta-dichXox- 
benzenes have dipole moment, but not the para-com])o\md. 

(D) Other Methods. Estermann^^’i^ has recently sum¬ 
marized the methods available for the determination of 
molecular electric moment. Among these, other than those 
mentioned above, are : the method of dipole rotation (Born 
and Lertes, see Vol. i: 19D), of electrOvStriction, of the Stark 
Effect in band spectra, and of the molecular ray method. It is 
claimed that the last-named avoids uncertainties inherent in 
other methods, being direct in application.^® The experimental 
arrangement is similar to that used in the study of the Stern- 
Gerlach Effect (Vol. i: 31), but an inhomogeneous electric 
field is substituted for the magnetic field. Mathematical 
analysis was given by Kallmann and Reiche,^® and by Stern. 

Early experimental work by the method of molecular rays 
was carried out by Clark^® on AsgOg, and Wrede’^® on KCl, KBr, 
KI and TlCl. More recently, the following dipole moments 
have been obtained: NaP® 5’io, KCP® 6-38, KP® 6-78, 
quinone^^ o, paranitraniline^^ 5*6, pentaerythritol^^'^^ 2, pentaery- 
thritol tetrahromide^^ o, pentaerythritol tetracetate^^ 3. 

The method of determining /x's using solutions is explained in 
the following section. The results obtained have been discussed 
by Williams.^i 


334 









XIII 37 a] 


TYPICAI. RESULTS ON SOLUTIONS 


37 . Typical Results on Solutions 


Let two components i and 2 be present, and let a^, ag be 
their polarizabilities ; Wg ^he numbers of molecules per unit 
volume ; M^, Mg the molecular weights ; /j, /g the fractional 
numbers of molecules per unit volume ; P^, Pg the molar 
polarizations ; P the molar polarization of the mixture and 
its density. Then d is the weight of molecules, so 

that 


n 


M, 


I iV 


M2 «iMi + W2^2 


N 


N 


( 8 ) 


If, now, additivity of the Clausius-Mosotti relation is assumed. 


e + 2 3 

so that, using (8), 


~v{n-^al -f n^a^, 


/€ - i\/%Mi 4- n^M^\ - 4777V 

frrzA— ~d - ) '7 <“*«. +»<“=)■ 


This relation may be put in a more convenient form by using 
A --- ==■- «2/(”i + ”2). whence 

.+ "iZ.) „ pj^ 




+ -P2/2 • • • (9) 


or 


2/2.(10) 


A large amount of accurate work has been carried out on 
mixed liquids, largely by Smith,^^,2^ Williams ^6 and collabora¬ 
tors. A few typical results will now be given, where one 
constituent (benzene) has negligible polar moment. 


(A) Benzene and Ethyl Ether Mixtures. Table XLVI 
shows results obtained by Williams and Krchma.^® 

The table shows density and dielectric constant values for 
various fractional molecular concentrations represented by 
/i> fi- P is obtained from these by the use of equation (9), 
where Mj 78, Mg 74, and from P, values of are 

derived, and thus of Pg/g by difference, using (10). The last 
column gives values of Pg calculated from those of the cor- 
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Table XLVI.—MOLECULAR POLARIZATION OF BENZENE-ETHER 

MIXTURES. 

The symbols at the heads of the columns have the significance explained in 
the adjoining text. 


A 

A 

df 

€ 

p 

PJx 

PxU 

p ^ 

Benzene 

Ether 

Mixtures 

< ) 

Benzene 

Ether 

Ether 

I -oo 

0*00 

0-8731 

2-282 

26-73 (Pi) 

26-73 

0-00 

(54-5) 

0*75 

0-25 

0-8297 

2-713 

33-73 

20-05 

13-68 

54-7* 

0*50 

0-50 

00 

oc 

0 

3-183 

40-65 

J3*37 

27-28 

54-6* 

0-25 ! 

1 

0*75 

0-7465 

3-691 

47*52 

6-68 

40-84 

54*5 

1 

0 ‘OO 1 

1 

I *00 

0-7077 

4*b25 I 

i 

54*50 

0-00 

54*50 

_ ! 

54*5 


* Williams and Krchma give 54*5. 


responding P2/2- It is seen that these Pg values are practically 
constant. 



Figure LXXXI.— Molecular Polarization of Benzene-Ether Mixtures. 

Figure LXXXI shows the same results. Line II gives P 
values. An intersecting line such as CE equals CD + DE, 
where CD = P^2» DE = Pj/i, CE = P, the assumption being 
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made that curve I, which represents the change of polarization 
of the benzene, is linear. Line III represents values, taken 
as 54*5 throughout. This curve may be obtained from the 
other two by CD/AE, giving EF, since AE = /g, this graphical 
method involving the same principle as is used in calculating 
the values of Pg in Table XLVI. 

As an example of the method, the dipole moment of ethyl 
ether may be calculated. First, is found from the value 
of , the extrapolated index of refraction to infinite wave 
length. Using equation (6), Williams found 23*0, 

whence, inserting P ===== 54*5 in equation (7) for T = 298°K., 
^ ~ = 1-23 (Debye units). The constancy of Pg for ether in 
benzene suggests lack of molecular association of ether (see 
this Vol. : 40B). 

(B) Benzene and Chlorobenzene Mixtures. A further 
typical case is provided by mixtures of benzene and chloro¬ 
benzene, whose dielectric constants have been determined by 
Smith, Morgan and Boyce,and Williams and Krchma.^® 
Table XLVII is expressed in the same way as Table XLVI, the 
data being those of Williams and Krchma. 


Table XLVII.—MOLECULAR POLARIZATION OF BENZKNE-CHLORO- 
BENZENE MIXTURES. 


/l 

h 

df 

€ 

p 

A/i 



Benzene 

Chloro¬ 

benzene 


Mixtures 

Benzene 

Chlorobenzene 

I -oo 

0*00 

0-8731 

2-280 

26-73 (Pi) 

■26-73 

0-00 

{82-0) 

0*90 

O'lO 

0-8993 

2-623 

31*80 

24-06 

7*74 

77*4 

0*75 

0*25 

0-9361 

3*131 

38-42 

20-05 

18-37 

73-5* 

0-50 

0-50 

0 -9946 

3*979 

47-71 

13*37 

34-34 

00 

0-00 

I -oo 

I-IOII 

5-610 

61-84 

0*00 

61*84 

61 -8 


♦Williams and Krchma give 74*5. 
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Table XLVII provides the curves of Figure LXXXll, plotted 
in the same way as Figure LXXXI. The (extrapolated) value 
for chlorbenzene in infinite dilution is taken as 82, and used to 



Figure LXXXII. —Molecular Polarization of Benzene-Chlorobenzene 

Mixtures. 

calculate /t. Curve III is of a different type from the cor¬ 
responding curve in Figure LXXXI, and shows a continuous, 
not linear, change of Eg with concentration. 

(C) Benzene-Ethyl Alcohol Mixtures. The dielectric 
constants of mixtures of benzene and ethyl alcohol have been 



Figure LXXXIII. —Molecular Polarization of Benzene-Alcohol 

Mixtures. 

measured by Philip®^ and by King and Patrick.*® Calculation 
of the polarization of alcohol at different dilutions from Philip’s 
measurements leads to curve III of Figure LXXXIII, where a 
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maximum occurs at about 0*3 molecular fraction of alcohol 
(Table XLVIIl). 

Summarizing, three types of curve representing changes of 
polarization with concentration for a polar solute in a non-polar 
solvent may be recognized, where the curves are respectively 
(i) linear and parallel to the concentration axis (CgHg- 
C2H50C2H6)> (ii) linear and without maxima or minima 


Table XLVIIT.—MOLECULAR POLARIZATION OF BENZENE-ETHYL 
ALCOHOL MIXTURES. 


/. 

J'i 



P 

A/i , 

Pih 

P, 

B(^Tizcne 

Alcohol 


Mixtures 

Benzene 

Alcohol 

I -oo 

0 - oo 

0-8828 

2-244 

25-0 (Pi) 

25*9 

0-0 

(71-7) 

()*8o 

0-20 

— 

— 

38-5* 

20-7* 

17-8* 

89-0* 

0-62 

0-38 

0-8521 

6-813 

50-7 

j6-o ' 

34-7 

91-3 

0*38 

0-()2 

0-8396 

13-09 

55*4 

10-0 

45-4 

. 

73*1 

0*14 

o«86 

0'8i68 

1 21-30 

1 

54-0 

3-6 

5<>'4 

58-5 

0 -oo 

I 'OO 

0-8004 

1 27-1 

i 

51-4 

1 

0-0 

1 51-4 

1 

1 

51-4 


* Obtained by interpolation. 


(CgHe-CgHgCl), (hi) not linear with a maximum (CeHg- CaHsOH). 
The different behaviour of polar molecules in these respects 
is discussed in connection with dipoles and molecular associ ¬ 
ation (this Vol. : 40B). It may be sufficient to note 
here the practical impossibility of formulating one mixture 
rule which would account for the polarizabilities of liquid 
mixtures in general. 

The procedure outlined in the present section has been 
extended by Williams and Allgeier^* to the case of polar solids 
in benzene solution. 


339 












THE FINE STRUCTURE OF MATTER [XIII 37D 

(D) Solvent Influence. Careful measurements indicate 
that the solvent may influence the polarization of a solute : 
thus, for example, phenylmethylcarbinol shows a moment of 
1*55 in hexane, and of i-6o in benzene solution.2® The 
abnormal freezing-points of nitrobenzene in benzene and cyclo¬ 
hexane may be interpreted in terms of polarization influences.^® 
Ionization of a dissolved salt may prevent the extrapolation of 
polarization to infinite dilution.®^ Muller®^’^® has thoroughly 
examined the problem of solvent influence, and finds the 
essential effect to be connected with the dielectric constant of 
the solvent. The dipole moment of nitrobenzene in various 
solvents decreases as the dielectric constant of the solvent 
increases.®^ Bless^^ has observed that equation (10) neglects 
the internal fields of molecules, and is only strictly applicable 
to gases and dilute solutions. Similar views are expressed by 
Weigle.®® van Arkel and Snoek®’ have proposed a modified 
form of equation (18) of Chapter XI, by replacing '^kT by 
3^7' + where c is a constant and n the number of dipoles 
per c.c. This is applied to molecules in which one group has 
moment in non-associating solvents, and extended to polar 
solvents and associating solutes. Greene and Williams®® have 
discussed cases (ethylene dichloride and dibromide in benzene, 
hexane and heptane) where the abnormal behaviour in solution 
as compared with that of the pure solute vapours is attributed 
to changes in the internal structure of the molecules produced 
by the solvent (see 38C below). Steam and Smyth®® suggest 
that results may be explained by the formation of complexes 
between solvent and solute (ethylene chloride in benzene and 
in ether). It is believed that oscillations of double bonds in 
the case of carbocyclic compounds containing benzene nuclei 
may account for variations of polarization of a given substance 
in different solvents.^® Errors may also be introduced by 
neglecting the infra-red terms associated with atom polarization 
in making extrapolations to infinite wave-length from measure¬ 
ments made only in the visible region of the spectrum. 
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38 . Dipole Moments of Acyclic Organic Compounds 

A complete list of dipole moments up to the date of the 
present work is available.'*^ Attention is directed in the present 
and following sections to salient features of theoretical interest. 

(A) Hydrocarbons. The dipole moment of methane CH4 

is zero,^^ in accordance with anticipation for a symmetrical 
structure. The tetrahedral symmetry of methane is supported 
by the study of its infra-red spectrum.The C-H distance, 
calculated from the moment of inertia, is 1-14.'*^ Boer and van 
Arkel,^® assuming an ionic model + 4H, calculated 

the potential of the molecule, and obtained a value (181 volts) 
in fairly satisfactory agreement with that calculated by a 
thermodynamic cycle (169 volts). The model can, however, 
only approximately represent the true structure, which has 
covalent rather than electro valent linkages. The other 
n-paraffins and the unsaturated symmetrical ethylene CHg : CHg 
and acetylene CH • CH molecules also have zero moment.^® 
The same is true of the symmetrically substituted dibutyl- and 
diamylacetylenes,^'^ but not of uns}unmetrical propylene, or 
methylethylene CHgCH : CHgand a-hutylene CHgCHgCH : CHg, 
or ethylethylene,^^ where ft is estimated as 0*35 and 0*37 
respectively. Isoprene, or j8-methylbutadiene CH2:C(CH3). 
CH : CH2, has practically zero moment,in spite of its some¬ 
what unsymmetrical structure. Dipole moment cannot, there¬ 
fore, be the cause of the molecular association of isoprene in 
rubber formation. According to Farmer and Warren,^ 
a substitution in butadiene CH2: CH.CH : CHg has a greater 
influence than jS substitution. When Py substitution occurs, 
giving the symmetrical CHg: C{CH3).C(CH8) : CH2, neutraliza¬ 
tion takes place, giving zero resultant dipole moment. 

(B) Symmetrical Derivatives of Methane (CR4 Type). 
Normally, no dipole moment would be expected for a sym¬ 
metrical tetra-substituted derivative of methane: this is 
fulfilled in the case of carbon tetrachloride, CCl4.^^ Tetranitro- 
methane C(N02)4 in benzene solution was found by Williams to 
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have ijl<o-2, and by Weissberger 0*48.'*® It is interesting to 
note in this case that Mark and Noethling found a crystal 
structure in which one nitro-group was different from the other 
three (this VoL : 13B). The four groups may, however, be 
equivalent, even where dipole moment is found, as in 
pentaerythritol C(CH20H)4 ^^ 2 , pentaerythritol tetracetate 
C(CH2C00CH3)4 IX = 2-i8, tetmmethylmethane tetracarboxylate 
C(C00CH3)4 IX =^- 2-8, and tetraethylmethane tetracarboxylate 
C(COOC2115)4 }x ^ 3-0.^^ Moments have also been reported for 
methyl orthocarbonate C(OCH3)4 and ethyl orthocarbonate 
C(OC21^5)4 of 0*8 and i-i respectively,^® whilst a later measure¬ 
ment by Fuchs^^ on the methyl compound vapour gave ix<0'^, 
and probably zero. Tetrachloro- and tetrabrom-openiaerythrite, 
C(CH2C1)4 and C(CH2Br)4 respectively, have zero moments.^** 
However, a sufficient number of cases where moment is 
definitely present with four equal substituents has been 
established to require further explanation. It was first pointed 
out by HojendahP® that if the directions of lie of the attached 
groups is not coincident with the tetrahedrally symmetrical 
valency directions of the central carbon atom, then free 
rotation and interaction may give rise to moment. This 
explanation was adopted by Williams,and is now accepted, 
in preference to an earlier suggestion of Weissenberg,^^ who 
thought a pyramidal structure with the four groups in a plane, 
the carbon atom being at the apex, might account for the 
anomaly. In the course of his work on expanded films on 
aqueous surfaces, Adam has found independent evidence of 
tetrahedral symmetry in the case of pentaerythritol tetra- 
palmitate (see literature cited in Vol. i: 33Ca). 

(C) Compounds containing Halogens. The moments 
recorded by different observers sometimes vary fairly con¬ 
siderably, especially when measurements are made in solution. 
The direct measurements on gases and vapours may generally 
be presumed to be most accurate. In what follows, the 
apparently most probable numbers are chosen. 

The results for the halogenated methanes may be tabulated 
as follows.**^ 
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X 

F Cl Br T 

CH3X 

CH2X2 

CHX3 

1. 81 .->3,57 J.85 J.80 1-64 

. 1*50 1*39 1*08 

. 1*05 o-Qf) o- 8 o 


The values decrease in the series chlorideS“>bromides~>iodides, 
also from chloride->fluoride and from X~^X2->Xs derivatives. 
The relatively low value of CH3F may perhaps be due to 
deformation of the CH3 group by the F atom, with consequent 
lowering of the dipole distance.In the X2 and X3 com¬ 
pounds, repulsive forces between the halogen atoms distort the 
tetrahedral structure, and thus reduce the moment.The 
angles between the chlorine valency directions are found to be 
124'' for CH2CI2, and 116° for CHClg,^''^’^^ in agreement with the 
X-ray measurements of Bewilogua.^®^ The fall from chlorides 
to iodides may possibly be associated with increasing polariza¬ 
bility of the halogen atorn.^’ 

The following table compares members of homologous 
series :— 



X-> 

F 

Cl 

Br 

1 

Methyl 

CH3X 

I -Sc” 

1-85 

I -So 

T -04 

Ethyl 

CH3CH2X 

I • 92 '’" 

2 -03 

1-79 

I -62 

n-Propyl 

CH3CH2CH2X 


2*04 

1 -94 

I -63 

Isopropyl 

(CH,},CHX 


2*04 

2-09 

1 -99 

n-Butyl 

CH3CH2CH2CII2X 


1-97 

1-97 

1-88 

Isobutyl 

(CHsj^CHCH^X 


1*96 

i -()7 

1-87 

Secondary butyl 

CH3CH2CH(CH3)X 


2*09 

2-12 

2-04 

Tertiary butyl 

(CH3)3CX 


2-15 

2-21 

2*13 


Comparing normal paraffins, there is no appreciable increase in 
dipole moment with increasing chain length, except possibly 
from methyl to ethyl in the fluoride and bromide series. 

The observed moment is mainly to be associated with the C-X 
linkage ; induction from this part of a molecule may raise the 
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moment from MeX to EtX, but has no influence past the 
second C atom from it.®^ Polarization effects are also 
operative. An exact quantitative consideration of the 
influence of a dipole on the remainder of a molecule containing 
it is at present impossible, though various qualitative sug¬ 
gestions have been made.^^ Since the experimental numbers 
are often considerably divergent, and the theory is insufficiently 
developed, it appears undesirable to pursue this matter from the 
quantitative standpoint at the present stage. 

It is interesting to compare the variations with structure in 
the butyl halide isomerides, discovered by Parts. The above 
table shows that the moments increase in the series normal“> 
secondary-> tertiary halides, whilst the normal and iso- varieties 
have approximately equal values. This finds a simple inter¬ 
pretation in terms of structural considerations.®® If only two 
carbon atoms distant from the principal dipole are affected by 
induction, then in the secondary compound three, and in the 
tertiary compound four carbon atoms are affected. Since the 
branching in the chain in the iso-isomer occurs at the carbon 
atom two distant from the dipole centre at the C-X linkage, it 
may be expected that normal and iso-compounds will have 
approximately the same moment. 

van Arkel and Snoek^®® have found that boiling-point data 
give evidence of dipole moments in the case of halogenated 
methanes. Of two isomers, the lower boiling tends to have the 
higher moment. The moment introduced by an F atom is 
comparable with that due to Cl or Br; thus CBrgFg and 
CBrgF have zero moments. 

Gross®^ has considered the series: CHgClg f*- =1-50, 
CHCI2CH3 1-98, CHCI2CH2CH3 2'o6, CH3CCI2CH8 2*i8, where 
substitution of H by CHs causes an increase in moment. It is 
considered that an induced moment in the CHg group must be 
regarded as unlikely, and the results are attributed to polariza¬ 
tion effects, acting in such a way that the angle between the 
C-Cl dipoles will be less, and therefore the moment larger, in 
CHCI2CH3 than in CHgClg, since in the former case only one 
H atom is attached to the C atom carrying the dipoles. Similar 
explanations are extended to other cases. It becomes clear 
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that induction alone is insufficient to explain all the observa¬ 
tions, and that other influences must be taken into account. 

Muller and Sack®^ have investigated i-2 irzns-dichloroethylene 
and 1-2 oi^-dichloYoethyUne CHCl: CHCl, and find moments of 
<070 and 1*74 respectively. Probably the trans-compound 
has zero moment, as Errera*® found for the corresponding 
Cl-Br, Br-Br and I~I compounds. The effect of the doublets 
is reinforced in the cis-compounds. As the sizes of the sub¬ 
stituent halogen atoms increase, so the angle between them is 
widened, with corresponding diminution of moment. For the 
Cl-I compound CHCl: CHI, however, the order is reversed : 
cis /X 0‘57, trans 1*27. It is supposed that the I atom carries 
a positive charge relative to the Cl atom, so that the moments 
cancel more nearly in the cis-compound where the dipole 
groups are nearer together. Stuart®^ finds the cis-forms of 
these compounds to be the more stable. 

A large amount of work has been carried out on compounds 
of the type CHgXCHgX, where the interesting phenomenon of a 
variation of dipole moment with temperature has been observed, 
in disagreement with expectation on the grounds of the earlier 
Debye theory. The dipole moment of ethylene dichloride 
(dichloroethane) CHgClCHgCl was determined by Ghosh, 
Mahanti and Sen Gupta®^ as 1-57, and originally believed to be 
independent of temperature. Williams®® found that for a 
molecule of this type, assuming free rotation about the C-C 
bond, so that any orientation of the two dipole bonds C-Cl was 
equally likely, the dipole moment was given by ^ V^w.sin^, 
where m is the moment of each C--C 1 linkage, and 6 the angle of 
inclination of the C-Cl dipoles with the central C-C direction. 
The value of m was taken as 2-0, equal to the current value for 
CH3CI. This gave 6 ~ 38®, as compared with the tetrahedral 
angle 70°, so that considerable repulsion of the polar groups 
was assumed, leading to departure from the normal tetrahedral 
symmetry of carbon bonds. Meyer®*^ investigated the molecular 
model more closely, and found that if the intramolecular 
potential, due to interaction between the polar groups, exceeded 
a certain critical amount [o-ikT) free rotation of the C-C bond 
would be hindered. He therefore said that the dipole moment 
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of ethylene dichloride should increase with temperature, since 
rising temperature would gradually weaken the interaction of 
the groups and thus favour free rotation. The variation with 
temperature was experimentally established by Zahn,^ who 
found that the moment was i*i2 at 32X. and 1*54 at 270X. 
Sanger^® argued in favour of Williams' view of free rotation, to 
which Meyer"^® replied. Smyth and Kamerling'^^ extended the 
argument to ethylene dibromide CHgBrCHgBr, and to poly¬ 
methylenes of the type Br(CH2)nBr, where n == 3, 5 and 10, 
For the case n ^ 10, no variation of moment with temperature 
was found, indicating that the active groups were too far apart 
to influence each other, and that there was no pronounced 
bending of the hydrocarbon chain. Long chains with indepen¬ 
dent dipole groups at their ends have a moment given by 
/X where m is the group moment associated with 

either dipole linkage.’^ Ethylene bromide shows a higher 
moment in benzene than in heptane at the same temperature, 
the benzene for some reason weakening the force between the 
dipole links.’® An extension of Meyer's calculation showed 
results in agreement with classical and wave mechanics.’^ 
Mizushima and Higasi’® adopted the theory of lack of free 
rotation in interpretation of the variation of moment of ethylene 
dichloride with temperature, whilst Greene and Williams’® 
admitted that the assumption of free rotation was unjustified, 
since mutual repulsion between the dipole groups w’^ould not 
cause so large a deviation from the tetrahedral model as that 
originally found by Williams. An undeformed tetrahedral 
angle between the C-C and C-Cl was assumed (70"’), and the 
contributions C~C 1 and C-Br were found to be 1*46 and i*20 
respectively. Lennard-Jones and Pike” have given mathe¬ 
matical treatment to the cis- and trans- models of ethylene 
dichloride. Smyth and Walls^®® have considered the cal¬ 
culation of dipole moments in aliphatic chains of varying 
length, when 2, 3 or 4 dipoles which may move relatively to 
each other are present, following the method suggested by 
Eyring.^i® Zahn^^^ has also considered the constitution of 
molecules having several axes of free rotation in the light of 
dipole moment measurements. No noticeable dependence on 
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temperature was observed in the cases of ethylene cltlorhydrin, 
ethylene glycol, ethylene diamine and succinic acid diethyl ester, 
Zahn'^® has conveniently summarized the position concerning 
this interesting theory, in a paper to which further reference 
may be made. 

The equation suggested by Williams®^ mentioned above, 
applicable to the case of symmetrical molecules of the type 
CH2XCH2X, for free rotation about the C-C bond, turns out to 
be a special case of the equations of Eyring^^® and Meyer 
deduced for hindered rotation due to interaction of the two 
dipole groups X. Thus Eyring's equation reduces to that of 
Williams for the case of free rotation about a single bond, 
whilst Meyer's relation takes the same form at high tem¬ 
peratures, at which the rotation becomes free. 

The conception of lack of free rotation in ethylene dichloride 
is foreign to the classical interpretation of the single C-C 
linkage. There is, however, no necessary discordance, for the 
linkage considered is free as compared with that in dichloro- 
ethylene, for example, but the rotation is hindered to some 
extent by the interaction of the polar groups. The possibility 
of the presence of mixed states must also not be overlooked : 
a mixture of molecules of two kinds, one permitting and the 
other inhibiting free rotation, would lead to the observed 
behaviour. 

The general question of the possible additivity of con¬ 
tributions of group moments to molecules as a whole is con¬ 
sidered in Section 39A. 

(D) Alcohols, Mercaptans, Ethers and Thioethers. The 
most probable moments taken from the tables^® are as shown 
on page 348. 

This group of substances forms triangular molecules like those 
of water and hydrogen sulphide. The angle between the 
oxygen valency directions is probably about 115"^ and between 
the sulphur valencies about 90°, and these angles may not vary 
very much in different compounds.’^® A further important fact 
emerges from the table overleaf, that the moments in a given 
series of compounds are practically independent of chain 
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Alkyl Group R 

ROH 

RSH 

ROR 

RSR 

Methyl 

CH3- 

1-68 


I -29 

1*40 

Ethyl 

CHjCHg- 

1*69 

1-39 

1*15 

1-58 

n-Propyl 

CHaCHgCHa- 

1*66 

1-33 

1 *16 

1*55 

Isopropyl 

(CH3),CH- 

1-70 




B -Butyl 

CHaCHjCHaCHa - 

I '66 

1-40 


1*57 

Isobutyl 

(CH 3 ) 2 CHCH 2 -- 




1.3S 

2-Butyl 

CH2 CHjCH(CH3 ) - 

1*75 




3-Butyl 

(CH,)3C- 

1-67 





CH3CH2CH2CH2CH2 - 


1*51 


I '59 


length. The absence of an inductive effect in the series of 
alcohols may be associated with localization of the moment in 
the neighbourhood of O atoms, the resultant being determined 
by combination of C -0 and 0 -H moments.®^^ The moments 
agree with Debye's equation for variation of dielectric constant 
with temperature at higher temperatures where association is 
absent.^^ The constancy of moment in the homologous series 
of alcohols is further shown by measurements on the higher 
members by Ghosh, Sack and Higasi.'*^ Ethyl mercaptan has 
a higher dipole moment than hydrogen sulphide 
which Hunter and Partington®^ have suggested may be due to 
induction. If this is so, one would expect a lower moment for 
methyl than for ethyl mercaptan, but no measurements are 
available to check this point, although a definite increase seems 
to appear between methyl and ethyl thioethers. It is note¬ 
worthy that the thioethers have greater moments than the 
corresponding ethers, whilst the mercaptans have lower 
moments than the alcohols. It appears that the group moment 
C-S is greater than that of H-S, whilst between C -0 and H -0 
the order is reversed.®®’®^ 

Smyth and Walls®® have examined four glycols of the general 
formula OH(CHg)j,OH, obtaining the following moments : 
n -2 (ethylene glycol), 2*30; 3, 2-51; 6, 2-48; 10, 2*54- 
The compound CHgCHOH.CHgOH gave ^ = 2-28. No sensible 
variation of moment with temperature was detected, and free 
rotation around the C-C bonds must therefore be assumed. 
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It may further be presumed that no pronounced bending of the 
chains takes place. 

(E) Acids and Esters. The moments for the following 
aliphatic acids and esters are approximately as follows :— 


X 

XCOOH 

(XCOOH)a 

HCOOX 

CHaCOOX 

C.HaCOOX 

CaH7COOX 

11 

2*07*® 

0-99 


1-73 

i-73 

078 

CHa 

3'73 

i-oj 


1-70 

1-71 

174 

CaHj 

1-73 

0-88 

192 

I -81 

1-77 

178 

ii-CgHy 

0-7H 

0-93 


1-85 

I -S.-f 

1*97 


0-63* 

0-89* 


1-87 

I - (Si 



* Isovaleric acid. 


Zahn^"^ measured the moments of formic, acetic and propionic 
acids, and found a variation with temperature, which was 
explained as due to changing degree of association. Above the 
temperatures at which only single molecules were present, the 
moment was found to be unaffected by temperature. This 
might be interpreted in favour of free rotation about the single 
bonds, but Meyer®^ found that a temperature of 20,oooX. 
would be necessary to peld free rotation, so that one would 
not expect to find any appreciable variation in moment on this 
account working at temperatures available in the laboratorj^ 
After the first three members of the fatty acid scries, the 
moment becomes constant in the neighbourhood of 07 (see 
measurements on palmitic and myristic acids^). Wilson and 
Wenzke®® found the moments of single molecules of the first 
three members in dioxane solution. Earlier work in benzene 
solution referred to double molecules (XCOOH) 2, since 
association is well known to occur in this solvent. The 
moments of acetic and propionic acids in hexane solution were 
found by Piekara®® to vary with temperature, a result which the 
author regarded as partly due to association, in agreement with 
the earlier conclusion of Zahn. 

Smyth and Walls®® adopted a model of the carboxyl group 
ill which the was attracted to the O ' of the carbonyl group, 
and argued that Zahn's observation of temperature variation 
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in the case of acetic acid might be due to hindrance of free 
rotation in the C-OH linkage, as in the case of ethylene 
dichloride discussed above. Zahn found that the moment 
became constant above about 200X., so that if Meyer's cal¬ 
culation of the high temperature necessary to bring about free 
rotation is accepted, it is clear that the experimental variation 
below 200""C. cannot be associated with increasing freedom of 
rotation in this region of temperature. Two independent 
causes may bring about variation of moment with temperature : 
lack of free rotation due to interaction of dipole groups, and 
association varying with temperature. Zahn's result is pro¬ 
bably correctly interpreted as due to the latter. 

Wolf and Grosssuggested that the moments in homologous 
series should be found to alternate with odd and even numbers 
of C atoms, as is the case with melting-points and other con¬ 
stants (Vol. i: 14; this Vol. : 13F). It appears impossible to 
maintain that this alternation exists for dipole moments, for, 
as already noted, the values arc constant within the limits of 
experimental error in a series, excepting where other causes, 
such as inductive influences, are operative. Muller and vSack®^ 
observed constancy in the series of esters of acetic acid. 

Cuy^^ suggested that in hydrocarbon and other aliphatic 
chains the carbon atoms were charged alternately positively 
and negatively, and Smyth®® discussed the electric moments 
of acyclic compounds from this point of view, and found that 
no evidence of measurable alternation was available. The 
conception of alternating polarities is open to much criticism, 
and Carothers®^ and Kharasch and Darkis®^ have found that 
the observed alternation of physical properties in homologous 
series (melting-points, heats of combustion, etc.) affords no 
proof of intramolecular alternation of polarity. Convincing 
proof of this contention is found in the lack of alternation of 
dipole moment in series of corresponding compounds. The 
behaviour of other physical constants in series can be inter¬ 
preted in terms of a zig-zag arrangement of the carbon chains 
(this Vol. : 13). 

The esters show no appreciable temperature variation of 
moment.®® It seems probable that free rotation is possible in 
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these cases, since the alkyl group substituted for in the 
carboxyl group would not be expected to undergo much inter¬ 
action with the carbonyl oxygen atom. 

Compounds of the type COOC2H5(CH2)aCOOC2H5 show no 
appreciable change of moment as n is increased from o to 8 to 
i8.®® The long chains have presumably extended structure, 
which do not bend appreciably in weak external fields, so that 
tlieir end dipoles cannot interact. 

Aliphatic amino-acids and polypeptides, containing the 
NH3 ' CH3COO" '' zwitterion '' in solution, show regularly- 
increasing dipole moments as the number of C atoms between 
the poles increases.®^ The measurements enable calculations 
of the distances separating the polar groups to be made. 

Weissberger and Sangewald®® found that polymorphic forms 
of dimethyl tartrate give equal moments, and that no evidence of 
compound formation on racemization can be found in the case 
of dimethyl mandelate, the d and dl forms having the same 
dipole moment. 

(1) Compounds containing Nitrogen. The approximate 
moments of some simpler compounds of this class may be given 
as follows :— 



—NHa 

—NO, 

(nitro) 

—NO, 

(nitrite) 

—NO, 

- CN 

—SCN 

—NCS 

(iso-) 

Methyl 


0-99 

3*02 


2-85 

3-16 

3*56 

3*18 

Ethyl 

CH.CHj— 

0-99 

3*19 

2 - 38 »* 

2*91 

3*66 

3*6-1 

3*31 

Allyl 

CHa:CHCHa— 

1-20 






3*30 

ri'Propyl 

CHaCHaCH,— 

1*39 


2-28 

2*98 

3*4fi 



Phenyl 

CeHs- 

r-52 

3*73 



3*90 

3*59 

3*00 


Werner^®® considered that length of chain had no influence 
on the dipole moments of amines, but this is not borne out by 
the above numbers. There is apparently no change between 
methylamine and ethylamine, but an increase seems to occur 
later in the series, so that the analogy envisaged by Werner 
between amines and alcohols is not complete. The resemblance 
between the methyl and ethyl compounds is also found in the 
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secondary and tertiary amines : the moments decrease in the 
order primary~>secondary->tertiary compounds.The nitro- 
group seems to show appreciable induction, as is evidenced by 
the increase in moment from nitromethane to nitro/^-butane 
(/X ^ 3*29).On the other hand, the moments in the series 
of alkyl nitrates are very nearly constant (w-butyl nitrate has 
fi 2*96), so Cowley and Partington^®^ suggested that, if the 
valency angle of —O— is 90°, the NO 2 group in the nitrates lies 
with its dipole axis at right angles to the hydrocarbon chain, 
and its resolved inductive effect will be therefore zero. Smyth 
and McAlpine^®^ find that the vapour molecule of nitromethane 
has a dipole moment consistent with the tetrahedral carbon 
model. The value 3*42, higher than appears in the above table, 
is found. 

Appreciable induction is seen in the series of cyanides^and 
isothiocyanates,^®^ but not of normal thiocyanates’®^ (see table 
above). Hunter and Partington deduce that the isothiocyanate 
chain has a linear structure, of the form C"*'—N“ ^ C"^ S . 
Direct addition of the moments attributed to the three linkages 
in the order shown gives /x == o-6 + 3-4 — 1-2 =- 2*8, which is 
only slightly less than the observed moment of methyl 
isothiocyanate. The normal thiocyanates are assigned another 
structure, with the -SCN dipole direction inclined at an angle 
of 120° to the C(hydrocarbon)-S link. 

Fogelberg and Williams^®® have studied binary liquid 
mixtures of amines, with a view to throwing light on the 
stereochemistry of nitrogen. The ob.servations are consistent 
with the generally-accepted pyramidal model of the valency 
directions in ammonia (this Vol. : 42H). 

Hyponitrous acid^^^ is assigned the /mw5-structure, HO.N : 
N.OH. NitroaminCy NHgNOg, may have either of the 
formulae 


/OH 

HN : N<: or 

\o 


N.^N 


/OH 

\OH 


(G) Triglyceride Oils. Bless^i* found the dipole moment 
of tung oil to be 2 -29, and concluded that clusters were present 
in the liquid similar to Stewart’s cybotactic groups. (Tung oil 
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consists of 80-85% of trielaeostearin and 15-20% triolein.) 
Stoops^^^ found /X = 2*8 for tung oil, 3-0 for linseed qU 
(trilinolin), 3*7 for castor oil (triricinolein) and 2*7 for tristearin. 
In the group of triglyceride oils, therefore, the dipole moments 
lie between about 2*5 and 3*5, and there is considerable inter¬ 
action between the dipole groups [e.g., OH) in neighbouring 
long chains. 


39. Dipole Moments of Cyclic Organic Compounds 

(A) Carbocyclic Division, (a) Group and Link Moments. 
A certain measure of success has attended the treatment of 
dipole moments of groups within molecules as vectorially 
additive quantities, whereby the moments of molecules may be 
calculated and compared with experiment. It is convenient 
to discuss this in connection with cyclic compounds, since it is 
largely to these that the method has been applied. Some light 
has also been thrown on the angles between linkages in 
molecules. 

An extension, admittedly more doubtful, has been made in 
assigning moments to individual linkages in molecules. 
Although the empirical methods employed are sometimes 
reasonably effective in the calculation of molecular moments, 
the number of assumptions which it is necessary to make in 
deriving link moments tends to lessen the value of this pro¬ 
cedure. It is noteworthy, therefore, that AUard^^^ justifies the 
vectorial addition of link moments by wave mechanics. 

Considering group moments, HojendahP® pointed out tha 
since the dipole moment of an homologous series of compounds 
approaches constancy, each group may be assigned a 
characteristic moment which can be treated as a vector. In 
general, it has been found necessary to assign a different value 
for a given group, according as it takes part in a long chain or 
benzene ring compound. In the latter case, the benzene ring 
is assumed to make zero contribution, and the assignment to an 
aromatic group R may be taken as equal to the moment of the 
compound CgHgR. The following values are based upon 
estimates quoted by Sutton,®® Wolf^^® and Bruyne, Miss Davis 
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and Gross/^’ the numbers given in brackets referring to chain 
(aliphatic) compounds, and those without brackets to benzene 
ring (aromatic) compounds:—CHg (o) +0*45; Cl (—2*15) 
-1*56; Br (-2-2i) -1-52; I (-2-I3) -1-27; ==0 (-1*29) 
— i*o6; CHgCl (—2*03) —1*82; CHCI2 (-“2*o 6) —2*03; 
CCl3(~i*57) -2-07; OH -17; CHO -2-8; OCH3 -1*2; 
COOH —0*9; COCH3 (—279) —2*97; CO (—276) —3-04 ; 
CN (-3-46) - 3-90 ; NC -3-6; NO^ (-3*05) - 3 * 94 ; 

(+1*23) +1*55. Amongst these groups, CHg and NHg are 
reckoned positively, all the others negatively. Sutton^i^ 
pointed out that the difference between [x (aromatic) and /x 
(aliphatic) is positive in sign for CH3, NHg, : O, Cl, Br, I and 
CHgCl, which are known to favour ortho- and para-substitution 
in di-derivatives. These groups, therefore, are held to cause 
electron shifts away from them towards the benzene ring. 
Other groups, CCI3, COCH3, CO, CN and NOg, give negative 
values of the above-named difference, and are meta-directing 
in di-derivatives, indicating an electron shift towards the groups 
away from the benzene ring. Thus considerable light is shown 
on the inductive influences of groups upon the benzene 
ring by comparison with their behaviour in aliphatic 
compounds. 

The suggestion that the extension might be made to linkages 
was due to Eucken and Meyer.^i® Apart from difficulties 
inherent in the underlying assumptions (mentioned above), it 
appears that it may be necessary to assign somewhat different 
contributions to links according as one or other of the atoms 
concerned in forming a link are singly, doubly or trebly linked 
to other atoms. Although Smyth and Dornte^^® thought that 
no moment need be attached to the double bond in ethylene, 
others, notably Allard^^o ^nd Wilson and Wenzke,^^! have 
found it necessary to make allowance for the presence of 
unsaturation. Since, however, the method is at best no more 
than an empirical approximation, these corrections need not 
concern us deeply. Instead, it will be convenient to quote the 
following assigned link moments (taken mainly from Eucken 
and Meyer^^® and Malone^22^ . ^ o ; C-O (ketones) 2-3 ; 

C -0 (ethers) 07 ; C-H (0-4) o ; C-Cl 1*56 ; C-Br 1*49 ; C~I 
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1*30 ; C~N 0-6 ; C-Me 0*4 ; H -0 i-6, 1-32 ; H-S 0*93, 0-63 ; 
Me-Si-4o; Et-S 1*57 ; Ph-S 2*24 ; H-Cl 1-03 ; H~Br 078 ; 
H-I 0*38 ; H-N 1*04 ; H-P 0*36 ; H-As o-io. To these 
may now be added the estimated H-F i *58.^2^ 

An example of Eucken and Meyer’s procedure is as follows. 
The molecule of methyl alcohol CH3OH is assumed bent at the 
oxygen atom, the OH group making an angle of 110° with the 
OCH3 line. We have therefore to add vectorially (a) a moment 
of 1*6, associated with 0 -H, and (b) the moment due to the 
remainder of the molecule ~ ( 0 -C) + (C~Me) = 07 + 0-4 =-- 

1- I, (a) and (b) being set at iio^ the angle of the HOH molecule. 

We can add these vectors by the formula + 

~~ 2fi.^fjL^cosO, or, more simply perhaps, draw two lines of 
lengths 1-6 and i-i inclined at iio^, complete the parallelogram, 
and measure the diagonal resultant. In this way, 1*55 is 
obtained for the final moment, as compared with experiment 
1*68, Close agreement between theory and experiment was 
also obtained for certain di-derivatives of benzene. In other 
cases to which the method has been applied, the agreement is 
not so good. For example, Zahn^^^ found that calculation gave 

2- 28 for acetyl chloride, as against the experimental result 2-68. 
A general summary of applications of dipole moments to 

chemical problems has been given by Debye.^^^ 

(b) Substituted Derivatives of Methane. Two equal moments 
[i! inclined at an angle Q combine to give a resultant along the 
bisector of the angle ft = ft'V2(i + cosO) (see cap. XIV, 
Appendix: 6). This was applied by Bergmann and co- 

workers*^^ to methylene chloride CHgClg. The two C-H vectors 
of ft' 0*4 sct at thc tetrahedral angle 109° combine, by the 
above formula, to give ^ 0*46. The measured moment 
of CHgClg being taken as 1-54, the resultant moment due to the 
two Cl vectors is ft = 1-54 — 0-46 i-o8. Taking ft' (Cl) 

1-56, the angle between the Cl’s should be 9 given by i*o8 
i*56V2(i + cos^), which yields 9 139-5°. This does not 

agree with Bewilogua’s measurement using X-rays of 124 1 6®.^ 
Hampson and Sutton^^® obtained 131 t 3°, a more concordant 
result. 
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The angles in di-phenyl substituted methanes having Br or 
NOg in para-positions to the CHg group are found as follows. 
The experimental moment of (CeH5)2CH2 being 0*3, and that of 
(/>.-BrC6H4)2CH2 1-79, the moment due to the Br atoms is 
1*79 — 0*3 176. Taking the group moment of Br~C as 

1*49, we have 176 = i*49V2(i + cos^), giving 6 -r.- 120°. A 
similar calculation for the corresponding nitro-compound by 
the expression 4-29 — 0*3 ^ 3-981/2(1 + cos 6 ) again yields 
9 = 120°, from which good agreement is obtained with the 
experimental angle 124° for CHgClg. 

Three equal vectors fx' acting along the edges of a triangular 
pyramid combine to give the resultant fi ^ + 2cos0), 

where 6 is the angle between any pair of vectors (see cap. XIV. 
Appendix : 7). Bergmann^® used this relation in connection 
with tri-substituted derivatives of methane CXY3. The 
measured moment of CHCI3 being taken as 1-23, the resultant 
of 3 CTs is estimated as 1*23 — 0-40 ---- 0*83, whence 0-83 - 
i*56'v/ 3(^ + 2cos^), giving 0 117'', in agreement with 

Bewilogua's measured 116 i 3^". Hampson and Sutton^^e 
obtained 116® li/ t 10°. The error in making these estimates 
is thus considerable. 

The moment of triphenylmethane (€3115)3011 is 0-62, and of 
irip-nitrophenylmethane (CeH4N02)3CH 3-23, whence the 
effective moment of the three nitro-groups may be taken as 
3-23 0-62 2-6 i.^^ The angle between these groups may 

then be estimated by means of 2-61 3*98^3(1 + 2cosd), 

where 3-98 is the group moment of NOg. This yields 0 ~ iib"", 
in agreement with the CHCI3 angle. A similar calculation 
applied to triphenylchlormethane (C6H5)3CC1 (/x = i’ 93 ) gives 
the angle between the phenyl-group valency directions as 
0 ^ 109°.^^® The corresponding di-derivative benzophenone- 
chloride (CflH5)2CCl2 (ft ^ 2-39) yields 0 = 106° between the 
valency directions of the phenyls, whence it is concluded that 
C3H5 and Cl have approximately equal space requirements. 

(c) Compounds containing One Benzene Ring, (i) Benzene and 
its Monoderivatives, In spite of early suggestions that benzene 
possesses a finite dipole moment, the results of more recent 
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investigations show the moment to be zero/ 2 ’'^ 28 ,i 29 accor¬ 
dance with anticipation for a symmetrical structure. Accepting 
this, the group moments in aromatic compounds are often 
taken as equal to those of the mono-substituted benzene 
derivatives containing the group in question. ToUiene^"^^ has a 
small moment, about 0-4, apparently attributable to induction 
influences by the methyl group. Recent measurements^^® on 
chlorobenzene, nitrobenzene and phenyl cyanide have yielded the 
moments 1*69, 4*23 and 4*39 respectively, values rather higher 
than have been previously reported. The moments of fluoro- 
benzene (1-45) and bromobenzene (1*49) appear rather less than 
that of chlorobenzene, whilst iodobenzene has the .smallest 
moment in the group of compounds (1*30).^® The same 
progression has been noticed among methyl halides (this Vol. : 
38C). Parts^®® has studied the series benzyl chloride CgHgCHgCl, 
henzal chloride CeHgCHCla and benzotrichloride CgHgCCls, finding 
the moments 1*85, 2*05 and 2-15 I’espectively. These figures 
may be compared with CHgCl i *85, CHgClg i ’50 and CHCI31 -05, 
where the sequence decreases within creasing number of Cl 
atoms. The relationships between the two sets of compounds 
do not appear to be very clear. Parts finds that benzyl 
chloride has an approximately tetrahedral structure, whilst the 
di- and tri-chlorderivatives have valency angles smaller than 
the tetrahedral requirement, the deviation being attributed to 
the presence of the phenyl group. In other cases, replacement 
of H by CfiHg may not affect the moment very much, as in the 
molecules methyl acetate CHgCOOCHg and benzyl acetate 
CH3COOCH2C3H5, where the moments are found to be 1-67 and 
I*80 respectively.®® 

The moment of the nitroso group — N : O has been estimated 
as 3-14, and is larger in aromatic than in aliphatic com¬ 
pounds, Sidgwick^®® has investigated the structure of 

the azide group — N3. Phenyl azide CgHgN 3 has a moment i *53, 
from which it appears that the azide group moment is about 
1*5. Such a value was found to be compatible with ring 
structure for the group, but linear structure is indicated by the 
X-ray work on crystals, and ring structure is also excluded by 
arguments based on the heats of formation of organic azides. 
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It is finally concluded that a '' resonance'' mixture of 
R—N==:Nr^N and R--N<-N=N must be present. 

The influence of the solvent has been studied by Muller in the 
case of chlorobenzene. Since very few measurements are avail¬ 
able on vapours, and nearly all the results depend on the 
solution method, a systematic study of this influence becomes 
important. It was found that considerable variation existed, 
the largest moment being found in hexane, and the least in 
carbon disulphide. Until the true nature of this influence is 
discovered, many difficulties must remain in interpreting the 
results of experiment. The uncertainty in assignment of dipole 
moments to organic molecules is often very considerable, and 
the development of the theoretical treatment is retarded (see 
this Vol. : 37D). 

(ii) Di-derivatives of Benzene, Some averaged results on di- 
substituted derivatives of benzene are given in Table XLIX. 
Although the numbers are usually given to two decimal places, 
comparison between the results of different authors would 
indicate an uncertainty of at least lo*i. The assigned 
separate group moments are in columns headed /u-x and /xy. 
These are mostly taken from measurements on mono-derivatives. 
Only cases where measurements are available on ortho-, meta- 
and para-derivatives are recorded in the table. The two leading 
groups are : (a) where the moment of the ortho-compound is the 
greatest, and that of the para-compound the least (17 cases) ; 
(b) where the moment of the para-compound is the greatest, and 
that of the ortho-compound the least (17 cases). There is also 
one case (c) where the meta-compound has the greatest moment 
(C6H4(NH2)2)> a.nd one case (d) in which that of the meta¬ 
compound is the least of the three (C6H4(N02)(0CH3)). The 
molecules in groups (a) and (b) are arranged in descending order 
of moments of ortho-derivatives. The Roman No. references 
are to pages in the Table of Dipole Moments. 

It becomes clear, on examination of Table XLIX, that for 
case (a) the moments contributed by the constituent groups 
have the same sign (/i-x M either both positive or both 
negative); whilst, in case (b), the group contributions in the 
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Table XLIX,—DIPOLE MOMENTS OF DI-SUBSTITUTED 
DERIVATIVES OF BENZENE. 


Group 

X 

HI 

ortho 

meta 

para 

ftx {Jiy (=y) 

Reference 


NO3 

CN 

G-ig 

3*78 

0-69 

-■“3*94 

— 3-90 

Ixxii 


NOa 

NOa 

6-01 

3*75 

(0*32) 

- 3-94 

3*94 

Ixxii 


Cl 10 

Clio 

1 \V> 

2-86 

2*35 

- 2-8 

- 2-8 

li 


NO, 

Br 

A-09 

3*29 

2-4 5 

--3*94 

—1-52 

Ixxix 


NOa 

Cl 

4*08 

3*27 

2*34 

- 3*94 

— 1 '36 

Ixxviii, Ixxix 


NOj 

CHaCl 

4‘Oo* 

3-80* 

3*56 

- 3*94 

--■1-82 

T34, Ixxix, Ixxx 


NO;, 

I 

3-79 

3*33 

2-84 

- 3*94 

- 1-27 

Ixxix 


Cl 

CHaCl 

2-31* 

2-06 

1*71 

— I'56 

—1'82 

xxxii, xxxiii 

(•'i) 

Cl 

Cl 

2*35 

1*44 

{0-26) 

- - 1-56 

--I'56 

xxxi 


Cl 

Br 

2-25 

1-56 

0*04 

—1-56 

--I-52 

xxxii 


Br 

Br 

2 

1*50 

(0-25) 

—1'52 

- 1-52 

xxxi 


Br 

I 

1-8(J 

i'i4 

0*49 

—I'52 

--I'27 

xxxii 


ClJa 

OCOCH, 

1*72 

1*64 

1-58 

-j.0'45 

—I -5 

hi, 137 


Cl 

C:::::CH 

1-68 

1*38 

0'96 

—1-56 

- 0-56 

135 


I 

I 

1-67 

1-27 

(o-27) 

—1'27 

- I'27 

xxxi 


NHa 

CH, 

I *60 

1 -46 

1-31 

■f 1*55 

+0'45 

Ixi 


CH„ 

CHa 

0-54 

0*39 

0 

+ 0'15 

+ 0*45 

xviii 


NOj 

NH,. 

4*35 

4*83 

(rl 

— 3*94 

+ I'55 

Ixxii 


CN 

CH„ 

3*79 

4*19 

4*37 

— 3*9 

+ u'45 

Ixi 


NOj 

CH, 

3*66 

4 •17 

4*42 

“ -3*94 

•bo *4 5 

Ixix, Ixx 


NC 

CH, 

3*35 

3*96 

4*75 

—3*6 

+ 0-45 

136, Ixi 


NOa 

OH 

3*10 

3*‘/J 

5-OS 

—3*94 

+ 1*7 

Ixix 


Nl-Ia 

Cl 

2-8 i 

2-68 

2*95 

-}-J*55 

— 1*56 

Ixxvi 


NHa 

Br 

1*77 

2*65 

2*93 

+ 1*55 

~1*52 

Ixxvi 


COOCH, 

CH, 

I *60 

1*92 

2-05 

— 1-9 

-I-0'45 

137 

(b) 

Br 

CH, 

1*14 

1*75 

1*94 

— I'52 

+0-45 

XXV 


OH 

CH, 

1-44 

1*58 

I'Gz 

+ 1*7 

-1-0-4 5 

xlii, xllii 


Cl 

CH, 

1*39 

I *80 

1-92 

— 1*56 

+ 0-45 

XXV 


Cl 

OH 

1*37 

2*14 

2*25 

—1*56 

+ 1-7 

137, Ixv 


OCalls 

OCaH, 

1*37 

1-70 

1*75 

+ 1*3 

+ 1*3 

lii, liii 


OCH3 

OCH, 

1-31 

1*59 

I -08 

-1-1-2 

+ 1'2 

li 


I 

CH, 

1-21 

1*58 

I-71 

—r-27 

+ 0'45 

XXV 


OCH3 

CH, 

I'O 

I-I7 

I'20 

+ I'2 

+0-45 

xliv 


COOCHg 

NH, 

I'O 

2*4 

3*3 

—I-9 

+ 1*55 

Ixx 

(c) 

Nila 

NH, 

1*45 

i-8o 

1*52 

1 +1*55 

+ 1*55 

Ixii 

(d) 

NO* 

OCH, 

4-82 

3*86 

4*76 

- 3*94 

—1'2 

Ixx, 138 


Free rotation hindered. 


majority of cases have opposite signs. The results are then in 
general accordance with anticipation, for in the para-compounds 
where the group contributions are like in sign, the resultant 
moment will be given by their difference, and hence we may 
expect the para-compounds to have the smallest moment of the 
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three (case (a) ), whilst if the group contributions are of opposite 
sign, the effect will be additive in para-compounds, so that these 
may be expected to have the largest resultant (case (b)). 

These considerations were originally applied in fixing the 
signs of the group moments. It only becomes necessary to fix 
the sign of one group ; others may be obtained from this b}^ 
consideration of the appropriate para-compounds. We may 
commence with NO2, which has been assigned the structure 

q : it then appears that the positive end of the dipole 

must be towards the N atom, since the O atom of the semi- 
polar double bond has received negative charge in acting as a 
Sidgwick “ acceptor.'’ The negative sign given to the NOg 
group moment (—3-94) then indicates that the negative end of 
the dipole points away from the benzene ring. In order that 
the group moments shall reinforce each other in para-nitraniline, 
it follows that the negative end of the NHg dipole must be 
nearest to the ring, so that this group moment is labelled 
positively (-f i'55), and so on in other cases. It may be added 
that if para-dinitrobenzene has zero moment, the moment of 
the NO 2 group must act along the line bisecting the angle 
between the N ~0 valency directions, and that therefore the 
group must really be symmetrical, and cannot contain one semi- 
polar and one double bond as shown above. It may therefore 

be written This does not, of course, affect the 

\o‘ 

argument by which the sign of the group was derived. 

In general, it is found that for a normal covalency between 
two atoms, the negative pole lies towards the atom in the 
higher periodic group, as in the cases C ' -Br", C^~ 0 ~ 

and N"‘ -0 . Sidgwick has suggested the designation H- 1 ->C 1 , 
where the crossed end of the arrow denotes the location of 
positive charge. 

Attempts have been made to place the results upon a quan¬ 
titative basis. Thomson^®* assumed the moment of the benzene 
ring to be zero, and that the angles between the directions of 
the group moments were 60®, 120® and 180® in ortho-, meta- 
and para-compounds respectively. If, then, the group con- 
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tributions may be treated as vectors, the resultants can be 
calculated from the parallelogram of moments, using the 
relation ^ _ 2abcosC derived in the trigonometrical 

solution of triangles [a, h, c sides, angle C opposite to side c). 
In the following, for convenience, /xx and /xy are replaced by x 
and y respectively. The resultant moments are then as shown 
in the series of equations (ii) : 

Ortho- I 
Meta- )-/x“ 

Para- J 

It is further observed that for equal substituent groups {x ” y), 
the /x's reduce to \/3x, x and o for the three cases respectively. 
Account must be taken of sign in making the substitutions. 
Thus Kerr^^*® pointed out that, in the case of the chlorotoluenes, 
if :v for CHg is taken positively,y for Cl must be taken negatively. 
Allowance for sign is made in Table XLIX. 

Comparison between calculation and experiment for three 
examples of each of cases (a) and (b) is made in the following 
scheme : 


I -j- — 2 A'>'cos{i8o — 6o) -- v- + '^y 

— • 4 - — 2xrrcos(i8o 120) = x^ - 1 - y^ — xy 

X- -1 v* __ 2^'ycoso = x^ -}- — 2xy 

^\/x^ -f y^ -{- xy 
I — xy 

X - V 




It is observed that calculation places the moments in the right 
order in the two cases (a) and (b) examined. On the other hand, 
the agreement is not always as good as might be expected, but 
it may be remembered that the measured values are subject 
to considerable errors of the order ±0-1 unit. 
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Deviations which cannot be attributed to experimental 
uncertainty have been accounted for as due to either (i) inter¬ 
action between substituent groups, in which is included 
inductive effects upon each other and upon the benzene ring, 
or (ii) deviations from the angles 60'', 120° and 180"" between 
the vector moments. Cause (i) has been specially applied to 
ortho-compounds, and (ii) to para-compounds, though in 
general the two cannot be sharply separated. 

When both substituent groups make contributions of the 
^ame sign, repulsion between them may cause the angles in the 
ortho- and meta- positions to be greater than 60^’ and 120® 
respectively, and smaller moments may be observed than are 
given by calculation (compare the dichlorotoluenes in the above 
scheme). Conversely, when the signs arc opposite, attraction 
may lower the experimental moments as compared with 
calculation. This appears in the case of orthonitroaniline (last 
column of above scheme). Even in the para-position, 
attractions between the groups may cause the observed 
moments to exceed those found theoretically. 

Stuart^^2 found that the varying heats of combustion of 
isomeric benzene derivatives yielded evidence of internal 
molecular potential,'' associated with attractions and repulsions 
between substituent groups, partly resulting from interaction 
of dipoles and partly from polarization of the benzene ring by 
the substituents. Smallwood and Hcrzfeld^"^^ attempted to 
take account of inductive effects. The results were concordant 
only where the dipoles may be assumed to be situated at the 
circumferences of the C atoms of the benzene ring, that is, at 
the conventional valency bonds. 

The large contribution to molecular moments made by nitro- 
groups has been associated with '' semi-polar " structure, 
represented by O = where the nitrogen atom has 

given up an electron to one oxygen atom. Similarly, the 
nitroso-group —N’^— 0 ~ makes a large contribution. The 
moment of nitrosohenzene has been estimated as 3*22^^^ and 
3.3-4145 Paranitrosomethylaniline, NHCHgCeH^NO, has a 
moment of 7*38, apparently the largest value so far recorded 
for any organic compound. Pamnitrosophenol, OHC6H4NO, 
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lias a higher moment (4*72) than the additive moments of the 
ring substituents, from which it appears that the nitroso-group 
lias the capacity of promoting the polarization of the molecule 
as a wholed^^ 

Bergniann, Engel and Sandor^^®'^^^ have tested the applica¬ 
bility of the equations (ii) in a large number of cases. Generally 
satisfactory results are obtained when the groups are taken 
from the list Cl, Br, I, CH3, NOg, except for ortho-compounds, 
where distortion is assumed, and the angle 6 calculated from the 
formula 

fji — \/'x^ -(-__ 2^ycos(i8o — 6 ) . (12) 

fji being tlie observed moment. The following values were 
obtained: NOo-CHabo^ Cl-CH3 6o^• N02-N02 79^ Cl-Cl 
86"; CI-NO297"; Br-Brioi"; CH-CH3I03"; I-I 104"; 
Br-~I 106". The effect of repulsion between like groups in 
ortho-compounds is clearly observed. In other cases, where 
the groups OH, OR, CHO, COR, COOH, COOR are present, 
deviations from the demands of equation (ii) may be expected 
on the ground that the groups are '' bent,’' so that the valency 
direction to the ring carbon does not coincide with the direction 
of the resultant group moment. Wolf^^® assumed the angle 
no" for the OCH3 group. Where these groups are present, 
zero moment will not be expected for the symmetrical para- 
compounds RC6H4R, as is found in the following cases : 
R-OCH3 1*8; OC2H5 17; CHO 2 - 35 ; COOCH3 2-2; 
COOCgHr, 2*3. Bergmann termed such groups as '' irregular,” 
as distinct from those in which the moment vector lies along 
the valency direction to the ring carbon atom. Compounds of 
the type XC6H4Y, where X is irregular and Y regular, were 
considered. If the angle between the moment of X and the 


valency direction is e, we have 

^ ^ — 2A;ycos€ . (13) 

Using the case oipamchlorophenol, ^ x 17,4/ 1*5), 

the angle e for the OH group was found to be 83" 25'. From 


other corresponding compounds, the following angles were 
derived: OCH3 67" 25'; CHO 141°; COOH 114" 50'; 
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COOCHg 180''. Other angles determined by this method are : 

NHg ; NCS()°i^»; OH 90°i38,i6i. 0CH3 . 

8o"± ioi-i; CH2CI 119°'. cOCHg WolP®" finds that 

angle estimations by Bergmann's method may be liable to 
errors as great as 10%. Bennett and Glasstone^®^ hold that an 
additional moment operates along the axis of the benzene 
nucleus, rendering the method of calculation of valency angles 
inaccurate. 'Fhe suggestion that departure from linearity of 
compounds of the phenol and anisole types might account for 
deviations between calculation and experiment was made by 
Williams^®® and Hojendahl.®<^ 

According to Sidgwick and collaborators,^®’ the CN and N(' 
groups have oppositely directed moments. Poltz,^^® on the 
other hand, holds that the moments are in the same direction. 
Reference to Table XLIX seems to. support the latter view, 
since the moments of CN-CHg and NC-CHg di-derivatives both 
increase in the sense ortho—meta^—para (Group (b)). 

Fuchs^®® has proposed the general formula 

IX -f -f 2xycosacos^cosy . (14) 

where a, are the angles of inclination of the substituent group 
moments to the valency directions, and y is the angle between 
the valency directions (60° for ortho-, 120° for meta-, and 180'' 
for para-compounds). The equation reduces to the standard 
forms of equation (ii) for the case a ^ o, Donle^^’ has 
applied the formula to the isomerides of methyl toluate, 
CH8CeH4COOCH3, and benzoylcresylether, CH3CeH40C0CH3, 
with satisfactory results (moments in Table XLIX). 

It appears that three leading causes of difference between 
calculation and experiment for the moments of benzene di¬ 
derivatives may arise. Each of them involve distortion from 
the requirements of the perfect symmetry of the unsubstituted 
benzene ring : (i) repulsion between like directed moments, and 
attraction between oppositely-directed moments; (ii) 
natural valency inclinations, as of the oxygen and nitrogen 
atoms; (iii) space-filling ” requirements, whereby large 
groups may cause displacement of their neighbours, especially 
in ortho-compounds. Lutgert^®® has attributed deviations 
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between theory and experiment in the ortho-halogennitro-di- 
derivatives to (iii). It is clear that all these interfering 
influences are likely to be most operative in ortho-compounds, 
where the substituents approach each other most closely. 

The rotation of groups, whether hindered by interaction or 
otherwise, has also been taken into account in connection with 
the moments of di-derivatives of benzene. Thus Eucken and 
Meyer^^® early calculated the moments of the cis- and irans- 
positions of hydroquinone diethylether, which may be depicted 
as follows : c^Hg 


o—o 


O—CgH4—o 


C^Hg C^Hg 

(r?.s-pobition) 


(^rflWi-position) 


The moments were found to be 1*9 and o for the cis- and trans- 
positions respectively, assuming the oxygen valency angle to 
be IK)'', which more recent work has indicated to be too large. 
The observed moment is about 17. Werner^®^ thought he had 
evidence of a temperature variation of moment for this com¬ 
pound, which would indicate hindrance of free rotation due to 
interaction between the two ethoxy-groups, as in the case of 
ethylene dichloride previously discussed. Subsequent work by 
Hassel and Naeshagen^®^ and Kamerling and Smyth^®® has not 
confirmed this observation. Further, Weissberger and 
Sangewald,^®^ assuming free rotation of the groups, showed that 
the moment of hydroquinone dimethylether could be calculated 
from the moment of anisole, assuming an oxygen valency angle 
of 90". The formula for the resultant of two moments inclined 
at an angle of 90'' will be Inserting the moments of 

anisole and phenetole as i-i6 and 1*28 respectively, we obtain 
the resultants 1-64 (expt. = 173) and i-8o (expt. 172) for 
the dimethyl and diethyl ethers of hydroquinone. The group 
rotations are therefore unhindered. In other cases, hindered 
rotation is found for ortho- (and sometimes meta-) compounds. 
Fairbrother^®^ has found that the moments of ortho- and meta- 
nitrohenzylchlorides, N02CeH4CH2Cl, increase somewhat with 
temperature between 20° and 120indicating hindrance of free 
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rotation. No variation with temperature was detected for the 
para-compound. Similar results have been recorded in the 
case of the chlorobenzylchlorides,^^^ 

The moment of mononitrohydroquinone dietJiylether can be 
calculated on the assumption that the nitro-group is in the plane 
of the ring to which it is attached, the acetyl group moments 
being at right angles to the plane. Taking the moment of the 
unsubstituted diethylether as 1*7, the resultant will be 
\/3*9^ + 1*7*^ 4*3 (compare the experimental value 4*56).^’^'^ 

(hi) Higher Derivatives of Benzene. Tlie moments of sym¬ 
metrical tri-derivatives of benzene have been given as follows : 
trichlorohenzene 1,3.5. CcHaClg 0*28 tribromobenzene 1.3.5. 
CeHgBra 0-28 mesitylene 1.3.5. CgH3(0113) 3 0-07 ; trinitro- 
benzene 0-70.^It is possible that these small though definite 
moments may be accounted for by the attached groups not 
lying exactly in tlie plane of the benzene ling. According to 
Parts,the moment of the tri-nitro-compound is only of the 
order o-8 if atom polarization is absent. A more recent 
determination has yielded the smaller moment 0-41.The 
less symmetrical 1.2.4. trichlorobenzene has the higher moment 
1.25467 Llitgert^^® has calculated the angles between the vsub- 
stituent groups for compounds of this type. 

Amongst the tetra-substituted compounds, 1.2.3.5. teira- 
chlorobenzene has a moment estimated to be less than 0*65.^®^ 
Brown and co-workers^®*’ have examined derivatives of 
mesitylene of the type C6H2(CH3)3X, with the following 
results : X F 1-36 ; Cl 1*55, Br 1-52 ; I 1*42; OH (mesitol), 
1*36. The measurements were made in benzene solution at 
30T. It is noteworthy that the moments increase in the sense 
F->Cl“>Br->I, and apparently only the mono-derivatives of 
methane and benzene have a lower moment for the F than for 
the Cl compounds. Taking the moment of fluorobenzene as 
1-46, the moments calculated for the substituted mesitylenes 
agree with calculation by the method of Smallwood and 
Herzfeld.^^^ An exception was found in the case of the nitro¬ 
compound (X = NO 2), where the assigned moment is 3*64. 

According to Tiganik,^®^ the moments of hexamethylbenzene 
and hexachlorohenzene are small though definite, equal to o*i 
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and 0*2 respectively. Further, tri-derivatives of mesitylene 
were found to have moments ; for €6(0113)3X3, when X Cl 
0-38 ; Br 0*33 ; NO2 0-79. It was found that these moments 
were additive : thus the sum of the values of C6H3(CH3)3 and 
('6113X3 gave the moment of C6(CH3)3X3: for X Cl, 0-28 + 
0*07 0-35 ; Br 0*28 + 0*07 0*35 ; NO2 0*70 + 0-07 

0*79, agreeing closely with the experimental values shown 
above. Liitgert,^^® however, finds that the moments of 
Iribromo- and trinitro-mesitylene are zero, in opposition to the 
result of Tiganik. Tlie moment of tribromotriniiromesiiylenc is 
also found to be zero, and it is suggested that such cases may 
be explained by the groups of different kinds being bent on 
opposite sides of the benzene ring, whilst tribromo- and trinitro- 
mesitylene have plane ring structures. It has not infrequently 
happened tliat small reported moments for apparently sym¬ 
metrical compounds have been subsequently found to be zero. 
In cases where a small moment is definitely found in benzene 
solution, the possibility of compound formation with the solvent 
must not be overlooked : thus an unsymmetrical formula has 
been assigned to a supposed compound between benzene and 
trinitrobenzene. 

(d) Diphenyl and related Compounds, The case of diphenyl 
(CgHsCeHs) its 4.4' derivatives was discussed by Adkins, 
Steinbring and Pickering, Kuhn and Albrecht,and 
Williams.’^® Diphenyl has vanishingly small moment, in 
which respect it is unlike some of its symmetrically substituted 
di-derivatives (see below). It may be noted here that the 
model for diphenyl suggested by Kaufler,^^^ where the rings lie 
over each other in parallel planes, has not received any adequate 
support in more recent work (see, however, this Vol. : iqAb). 
The argument for a folded structure of benzidine (4.4' 
NH2C6H4C6H4NH0) rested upon a small, perhaps zero, moment 
for paraphenylene diamine (C6H4(NH2)2)^ since benzidine has 
definite moment (about 1.3). Later work showed that para¬ 
phenylene diamine had finite moment (/x = 1*52), so that this 
argument in favour of folded rings in diphenyl became 
invalidated.^’® 

Induction in the benzene rings on substitution in diphenyl is 
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indicated by comparison with corresponding mono-derivatives 
of benzene. Thus amongst the nitrodiphenylSy the ortho- and 
meta-compounds have lower, and the para-compound higher, 
moment than nitrobenzene.^^’ The ortho-compounds give the 
least good agreement between experiment and the vectorial 
addition of group moments. Further evidence of polarization 
of benzene nuclei has been obtained by the study of the 
moments of mono- and di-chloroiiphenyls}^^ 

According to Bergmann and Engel,in 6.6' diamino-2.2' 

NH^ CH3 

ditolyl / \_/ substitution in the two 

CH3 NH2 

ortho-positions in each benzene ring causes hindrance of free 
rotation, the rings being turned about the central connecting 
link through an angle of 67°. The compound exhibits optical 
activity. In 4.4' dicyanodiphenyl (CNC6H4C6H4CN), where a 
moment of 1*14 has been recorded, it may be supposed that CN 
is an irregular group, the direction of the C-N linkages 
being inclined at an angle to the direction of the C(of CN)-ring 
linkages. 

The moments of mono-chlorodiphenyls have been determined 
as follows :•— 



The para-substituted compound (III) has about the same 
moment as chlorobenzene, suggesting that the diphenyl link 
makes zero contribution, as in diphenyl itself. However, when 
the C-Cl group moment is taken as 1-55, it is impossible to 
reproduce the experimental values for compounds I and II 
unless the central link has a moment with the negative end 
towards the substituted ring. It is possible, of course, that the 

368 



XIII 39Ad] DIPOLE MOMENTS OF CYCLIC ORGANIC COMPOUNDS 

C-Cl link makes different contributions according to its 
position. 

Difficulties also arise with the di-chlorodiphenyls shown 


below :~~ 

.180 





Cl 

Cl 



\ _/ 

Cl 

\_/ 

/■ \_/ ~\ 

Cl 

a/“ 

\_ 

_/ \. 

IV. fJL 

= i-77 

v. 


li 

> 


>Cl 


The compound VI has zero moment, in accordance with antici¬ 
pation, but calculation for compounds IV and V indicate that 
they should have the same moment, equal to 1*92 ; actually, 
neither of them attains this value, and the moment of IV is 
greater than that of V. It appears that the variations must be 
attributed to polarization effects, which are as yet imperfectly 
understood. 

Cases where atoms or groups intervene between the two 
rings in diphenyl are next considered. The moment of 
diphenyl ether (€^115)20 has been found to be 1*05,^®^ and of 
diphenyl sidphide (CeH5)2S 1*47,^*'^ and these are associated with 
the natural inclination of the O and S valency directions. The 
O angle 9 in diphenyl ether has been calculated as follows :— 

From (CeH^Br), + /^t(C-Br) 1-50 (a) 

(CeH 5 ) 20 , 2[/x(C-H) + A^(C- 0 )jcos ^/2 -- 1-05 (b) 

(^-BrCeH4)20, 2[/[x(C--Br) — /x(C-0)Jcos^/2 o-6 (c) 


whence, adding (b) and (c) and substituting (a), yoocosdjz — 
1-65, giving 0 === 113'’, is obtained. A similar calculation gave 
0 142° for diphenyl sulphide. Hampson, Farmer and 

Sutton^®® have calculated the angles between the oxygen 
valency directions, using the method of Hampson and Sutton, 
in the following cases : diphenylmethane 115°, diphenyl ether 
142"^, anisole 150°, phenol 137°, dimethyl ether 147^^, and 
water 134°. The S angle in diphenylsulphide is found to be 
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II8^. The estimates for ethers are generally higher, and for 
sulphides lower than those previously found. 

Hydrazohenzene, CeHgNHNHCeHg, is assigned the moment 
1.53.^®® This points to a m-configuration, in opposition to views 
expressed by Bergmann and co-workers.^ Benzophenone, 
CgHgCOCgHg, has a large moment, given as 3.13^®® and 
2.95.^®® In the substituted diphcnylacetylenes (C6H5)2C : CX^, 
the angle between the X groups increases with greater 
space requirements of the substituents : X NOg 96°, Cl iio^, 
Br 114'^y whilst the moments correspondingly decrease : 5*40. 
179, 1*62.^®® Deviations from tetrahedral symmetry of the C 
valencies are a measure in such cases of the space requirements 
of the substituent groups. Dianisylmeihane (CH30r(jH4)2CH2, 
dianisylketone (CH3OC6H4) 2CO and dianisylthioketonc 
(CH30CeH4)2CS have the moments i-6i, 3*90 and 4.44 
respectively. In general, aromatic ketones and thioketones 
have higher moments than corresponding aliphatic com- 
pounds.i^® The moments of stereoisomeric stilbene dichlorides, 
CeHgCHClCHClCeHs, indicate that free rotation is hindered 
about the central C-C linkage, as in the case of ethylene 
dichloride previously discussed.The meso- form of hydro- 
benzoin, CgHgCHOHCHOHCeHs, has the moment 2-06, whilst 
the racemic mixture form has the higher moment 2*67.^^^ On 
the other hand, the dextro and racemic forms of dimethyl 
tartrate have essentially the same moments (2-93 and 2*92 
respectively).^®^ Observations on certain aromatic compounds 
of the oxime type are in agreement with the theory of their 
geometrical isomerism. The syn- and anti-N.-methylethers of 
paranitrobenzophenone oxime have the moments shown below 
their formulae :— 



—C— 




Ck-N—CH3 
syn-iorm ^= 6 * 60 


O 




O 



\ 


CHj—N->0 
anti-iovm jit == i • og 


It is observed that where the N -> O links, which tend to confer 
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moment to the molecule, are on the same side the moment is 
much greater than where their effects partly compensate each 
other.Parsons and Porter^^^ have studied six oximes of 
monochlorohenzophenone (three pairs of cis- and ^mws-isomers). 
The two ortho-compounds have equal moments : the higher 
melting meta- and para- compounds liave lower moments. It 
is sometimes possible to assign configurations {syn- or anti-) to 
oximes on the basis of dipole moment measurements.^The 
early work on the cis- and /m^^s-dichloroetliylenes may be 
recalled in this connection (this Vol. : 38C). 

(e) Naphthalene and its Derivatives. The dipole moment of 
naphthalene, CioHg, containing two “ condensed benzene 
rings has been shown by Parts^®® to be zero. This has been 
confirmed by Puchalik/®’ who found that tlie Maxwell relation 
€ was obeyed. The naphthalene molecule may therefore 
be considered to be symmetrical and planar. 

Parts^®® investigated mono-halogen substituted derivatives of 
naphthalene, and found that the a-derivatives had lower 
moments than the ^-derivatives. The same was shown to be 
true for a- and j 9 -naphthols.^^^ The general conclusion has been 
drawn that different group moments must be assigned to the 
two positions, the group moment in a-compounds being that 
expected for aromatic substitution, whilst that in ^-compounds 
corresponds more closely to aliphatic substitution. It may be 
added that Br and Cl substitution gives rise to the same 
moments, the same being true of F and I : a-F and a-I, 1*42 ; 
^-F, /8-I, 1*56 ; a-Cl, a-Br, 1-59 ; ^-Cl, P-Br, i-y2. 

The di-chloYonaphthalenes have been studied experimentally 
and theoretically by Weissberger and co-workers.^®® It is 
pointed out that in the case of the naphthalene nucleus, unlike 
that of diphenyl, an advantage arises, in that the benzene 
residues are held together and cannot rotate relatively to each 
other. Measurements were made on .seven of the ten possible 
isomers, with results as given below. The numbers in brackets 
are calculated, on the assumptions that a-Cl and j8~Cl have the 
respective group moments found by Parts of i‘59 and 172, 
and that the valency directions are inclined at 60°, 120"^or 180®. 
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Cl 



I. /X - 2-44 (2-87) 
CJ 


11. 1-85 (1-66) 


III. 0-50 (o) 


Cl Cl 



Cl 

TV. 0-0 (o) 


/\/\ci 

I I I 

I I I 

ciX/X/ 


/\/\ ci/\/\ci 



\/\/ 


V. 0-2 (o) 


VI. 2*88 (3-18) VII. 1-52 (172) 


In compounds I and VI, the calculated values are greater than 
those observed. This may be associated with the '' ortho¬ 
effect previously noted in connection with benzene di¬ 
derivatives. The calculated values for II and III, however, lie 
below the observed values, an effect whicli is only noticed where 
both substituents are in the same ring. It may be accounted 
for by a shift of electrons towards the substituted ring, 
equivalent to a small component of polarization moment in the 
direction shown by the arrows in the above figures. Assuming 
that tliis polarization moment is of the order 0-2, the calculated 
values become (II) 1*83, (III) 0*40, giving good agreement with 
experiment. This point of view finds support in the observation 
that when the substituents are symmetrically placed in different 
rings, as in IV and V, the group moment is vanishingly small, 
the polarizing effects of the two Chs just neutralizing each 
other. In compound VII, which has no centre of symmetry, 
we shall expect resultant moment, in agreement with experi¬ 
ment. The calculated value is too large, but agreement may 
be obtained by combining two aromatic group moments 
inclined at 120°. It does not appear clear, however, why the 
aliphatic group moment used for the 8-positions will not bring 
about coincidence with experiment, but at least the absence of 
polarization between the rings when the substituents are in 
different benzene residues seems confirmed. An attempt is 
made by the authors to extend these considerations to 
anomalies in the group of dichlorodiphenyls noticed above. 
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On account of inductive influences by the NO 2 group in the 
naphthalene nucleus, measurements of dipole moments in 
molten naphthalene may yield smaller values for nitro-com- 
pounds than when the same compounds are dissolved in 
benzene.’®® It appears that molecular compounds are formed, 
for example, between dinitrobenzene and naphthalene. 
Induction effects are thus generally larger in naphthalene, other 
things being equal, than in benzene. 

(f) Organo-metallic Compounds, A list of determinations on 
these compounds is given at the end of the ‘‘ Table of Dipole 
Moments.!*^® Early work was done by Bergmann and 
Schiitz.’®® Mercury diphenyl, Ci2HioHg, has been shown by 
Hcimpson^o® to have a small, but probably real, moment of 
about 0-5 in decalin solution. It is suggested that the Hg-C 
link is flexible, having an angle of swing about a mean position. 
Consideration of para-substituted derivatives, in which the 
moments are greater than that of mercury diphenyl itself, 
suggests that the Hg~C link constitutes a small dipole, with the 
negative pole towards the Hg atom. This is contrary to the 
general rule that with a normal covalency between two atoms 
the negative pole is towards the atom in the higher periodic 
group (see 39Ac(ii) above), but Hampson holds that since this 
rule is derived for atoms with completed quantum groups, it 
would not be surprising if it did not apply for di-covalent Hg 
with only 4 electrons in its outer quantum shared group. 

(g) oilier Ring Systems, The dipole moments of cyclic i : j 
dicarboxylic esters have been determined by Fanner and 
Wallis®®’ as follows :— 


( 

CH.^^COOCallfi 

C 

CH, C.OOC..H5 

CHj C 

( 

Ch/ ^COOCjH, 

^CH8-^^C00C.,H6 


fl = 2-40 

fl ~ 2*22 

CHa- 

-CH,^ ^COOCjH, 

c 

^COOC^H^ 
CH, C 

CHa- 

-CHj^^COOCjHj 

^CHa—CHj-^^COOC.Hs 


fj. = 2-14 

fX ** 2-23 
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The compound with the five-membered ring lias the lowest 
dipole moment in the series. The authors hold that the results 
are not in accordance with the external valency angles for rings 
of different sizes put forward by Beesley, Ingold and Thorpe, 
the moments for 3-, 4- and 5-membered rings changing in the 
sense opposite to that predicted by the theory. 

Cyclohexane has zero moment, as anticipated from the 
symmetrical ring structure (CH2 )g.^® With cyclohexanol 
(CH2)5CH0H, the asymmetry caused by OH substitution, 
gives a moment of Other derivatives of cyclohexcine 

have been examined. 

The moments of a number of ring compounds containing the 
CO and CHOH groups, menthone ynenthol (II), 

camphor (III),^^®’^®^ horneol (IV), fenchone (V),’®®’^^ 
fluorenone (VI)"*®® and 2 -niiYoflnovenone (VII)^®^ have been 
examined. It appears that the moment of CO in a five- 
membered ring differs somewhat from that in other ketones. 


CU 2 —CO 


CHg—CHOH 


CHCH(CH3)2 


CH2--CH2 
I. ^-2-82 


CHg—CH-CH, 

I 

C(CH3), 


CH,—CH- 


C(CH3)3 


CHsCH CHCH(CH3)3 

\ / 

CHj—CHj 

II. /X = 

■CHo CHa—CH-ClCHa)^ 

I I I 
I CH3 I 


CH3-C(CH,)—CO 
III. /i = 2-94 


CHa—C(CH3)—CHOH 
IV. /L 4 -i* 5 r> 


CH2—C(CH3)—CO 
V. /X = 2-91 



\ V 
/ ' 




\ 


o 

VI. /X = 3-29 


O.N- 


/" 

"X 


._/■ 


\ 



o 

VII. /x = 5-44 


The reduction of moment in replacing CO by CHOH is seen in 
the change from I to II, and from III to IV. The isomers III 
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and V do not differ very greatly in moment. The alcohols II 
and IV have similar moments, which are of the same order as 
those of aliphatic alcohols, so it appears that the ring system 
has no measurable influence on moment.In VI and VII, it 
is found that of the five-carbon ring valencies that of the 
diphenyl linkage (marked a) is the weakest.Induction 
effects do not apparently play a large part in these ring systems. 

Fluorene (VIII), and its substituted compounds, g-chloro- 
jiuorene (IX), g~dichloYOfluorene (X) and 2.j-dibromofluorene 
(XI) have been examined by Bergniann, Engel and Hoffmann, 
with the following results :— 




/ \_ / ” \ 

/ 


~< >- 

CH 2 

VIII. ^ = 

_/ 

0 

v_< 

CHCl 

IX. /X — 176 

\_ 

\. 

\ / 
CC!;, 

X. /X = 


\^Br 

\ / \ / 

CHa 

XI. /X = o 


The zero moment of fluorene (VIII) suggests a planar structure. 
This seems confirmed by the zero moment of XI, where the two 
C-Br valencies must be in a straight line so as to neutralize 
each other. The moment of IX is half-way between the value 
for aromatic (1-56) and aliphatic (1*96) C-Cl linkages, suggesting 
a C~C 1 linkage intermediate in character between the two 
types. If, now, in X we assume tetrahedral symmetry for the 
directions of the two C-Cl valencies, it is possible to calculate 
what group moment for C-Cl will yield the resultant 1-85 ; 
this comes out to be i*6o, which is nearly equal to the value 
for an aromatic C-Cl (1*56). Hence the linkages in X are 
nearer to the aromatic than the aliphatic types, and this is 
found to be borne out by the chemical and physical relations 
of the compound. Reverting to 2-nitrofluorenone (VII), the 
evidence from XI suggests that the NO 2 and CO moments will 
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be perpendicular to each other, unless some deformation occurs. 
Taking the moments of VI and VII, and that of the NO2 group 
(3*98), the angle between the valencies is 86°, suggesting a very 
slight compression exerted by the substituent NO 2 so that the 
diphenyl rings are not strictly in linear axial relation in VII. 

Donle^^** has studied derivatives of di- and tri-cyclo- 
pentadiene prepared in 1932 by Alder and Stein. The molecules 
have a puckered structure, which leads to the existence of a- 
and j8~stereoisomerides. The tri-cyclopentadienes contain two 
double bonds, which may be saturated by hydrogen and 
bromine respectively. The resulting compounds exist in cis- 
and frans-iorms due to alteration in the relative positions of the 
Br atoms. Three dihydrotncyclopentadiene dibromides {a-cis, 
^-cis, p-trans) are represented by XII, whilst XIII depicts 
dihydrodicyclopentadiene cis-dibromide. The observed and cal¬ 
culated moments are shown below the structures. 


/| \/ 

CHj1 CH 

1 CH 

CH,^ 

\ 

/ 1 \ 

CH, 1 CH 

\ 

1 CH, 1 

CH^ 1 

CHBr 

1 CH, 1 

CHRi 

CH, 1 CH 

1 CH 

/ 

CH,1 CH 



CHBr 

CHBr 



XII. 


xni. 



a~cis 

^-cis ^-trans 

cis 


/X (ob.s.) 

3-20 

3 *18 T *92 

3 *J 4 


fjL (calc.) 

376 

376 1-85 

376 



The calculated values are too high for the cis-, and about right 
for the /r«;;s-compounds. The moments of the three cis- 
compounds are about equal, from 3-14 to 3-20, and greater 
than the moment of the trans-compound (1*92), in accordance 
with expectation for geometrical isomerism. The complex ring 
systems appear to exert little influence on the resultant 
moment. 

(B) Heterocyclic Division, (a) Compounds containing 
Oxygen or Sulphur. Dimethyl y-pyrone (R = CH3 in I), 
dimethylthio y-pyrone (R = CHg in II) and diphenyl y-pyrone 
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(R ^ CeHg in I) have been examined by Hunter and Parting¬ 
ton. Thianthrene (IV) was investigated by Walls and 
Smyth^®® and by Bennett and Glasstone.^®® Results are given 
below. 


CH--CR 



\ X 
CPI==CR 


1 . 

K - CH 3 

^ = 4*05 

1 <- CeH, 
/X - 3-82 





CH-CR 


n. 

R -= CH 3 

- 5*05 


- .^CH-CR^ + /\/\/\ 

oc o 

\ / 

CH^CR X/Xg/X/ 

111. IV. 

fJi = 1-50 ( 1 - 41 ) 


On account of the circumstance that the moments of the 
y-pyrones cannot be reproduced from the additive group 
moments of - 0 - and ” CO, a polar formula of Type III has 
been proposed.The moment of IV indicated that the two 
benzene rings are not in one plane, but are inclined about the 
line joining the two vS atoms.2®*** The moment given by Bennett 
and Glasstone is adopted, the measurements being made in 
CS2 and CCI4 solution. 


(b) Compounds containing Nitrogen. The following cases are 
selected for con.sideration : Pyrrole ( 1 ),^^® pyridine (II), 
piperidine (III),^^' a-picoline (IV), p-picoline (V),^^^ collidine 
(VI ),quinoline (VII ),isoquinoline (VIII),^^^ quinaldine 
(IX ),pyrazine (X),^^^ 2.5 dimethylpyrazine (XI),2.6- 
dimethylpyrazine (XII),2^2 2.^-dimethylqumoxaline (XIII),212 
and a-rnethylquinazoline (XIV).212 Results are as given below 
the formulae. 

CH-CH /\ CH., (A) (B) /\cn, 

II II I 1 TR CH I i ■ I • 1 

CH CH I ■ I ^^2 i j •• I ;■ I 

'npT CH. CH 

\nh/ “ 

I. jU-~i -83 Jl,fi — 2 z6 III. /x=i-i7 
M 
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/\/\ 

I .i_^ 

IX. fjL = 1-86 

N N N V N , , 

/ \ / \CH 3 H 3 C/ \CH 3 /\/ \CH 3 /\/\ 

11 I 

11 II 

X.fi^o XI. /A - o XII. /X-0-53 XIII. /X - O XIV. /x - 22 

TJie moment of II (pyridine) can be very accurately reproduced 
by avssuming the group moments C-H — 0, C~N ~ 1*3, C -N 
2-6, The moment /x is given by 

Vl-a^ + 2*62 + {2 X 1*3 X 2 - 6 coSI 20 °) = 2-25 

(expt. = 2*26), and acts along the dotted line shown, being 
directed towards the N atom by the convention already 
explained (the N ^ C bond is supposed to lie to the right of the 
N atom). When a similar calculation is applied to IV, it 
becomes evident that two cases (A) and (B) must be considered, 
which may be supposed to be present in a state of dynamic 
equilibrium. Assuming the group moment for CH3 as 0*4, 
(A) gives 2-29, and (B) 1*92 by vector addition. Neither of 
these numbers agrees with experiment (1-72), but when they 
are composed vectorially, the resultant is 1*78, in close approxi¬ 
mation with observation. Similarly, V has two forms (not 
sliown), whose moments may be found to be 2-61 and 2*29, 
yielding the resultant 2*18 (compare expt. 2-30). The moment 
of y-picoliii, with the methyl group in para-relation to the N 
atom, can be predicted as 2*35 by a similar calculation, but here 
no experimental check is available. In VI, five vectors must 
be compounded together: the resultant is 1*95 (expt. 1*93). 
For compounds VII, VIII and IX, it is found that calculation 
and experiment do not agree unless a small polarization 
moment in the direction of the arrow is assumed to exist. 
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This result is analogous to that found in the dichloronaphtha- 
lenes (39Ae above). If in VIII, a moment of 2 *25 acts along the 
dotted line towards the N atom, as in II, then the polarization 
moment must be 2-54 —2*25 ^ 0-29. When this moment is 
applied to VII and IX, composition of the vectors gives 2-12 
for VII (expt. 2*i6), and i-86 for IX (expt. i*86). The results 
are thus in very satisfactory agreement with observation. 
No detailed discussion appears to have been given to the 
pyrazines (X to XIV), but doubtless similar treatment would 
be effective. The zero moments of X, XI and XIII are under¬ 
standable on symmetry grounds. A small moment appears 
for XII, which is asymmetric with respect to the centre of 
symmetry, whilst a large moment is observed for XIV, which is 
evidently the most unsymmetrical member of the group. 

40. Dipoles and Association 

(A) Pure Substances. Estimates of + Pq values for 
tlie vapours of HOH, CH3OH and CgH^OH are about equal, 
suggesting that water behaves as a member of the alcohol 
series in the gas state.As.suining that does not vary 
very much in the series, P^j may be presumed to remain con¬ 
stant ; so that dipole moment is not greatly affected by length 
of cliain. The polarization drops when a gas becomes liquid, 
tlie decrease being greater for smaller molecules, when a series 
of similar compounds is compared. Thus, in the above case, 
the values of AP at the boiling points are 42-5, 26-0 and 15*1 
for water, methyl and ethyl alcohols respectively. The fall in 
polarization on liquefaction has been associated with the 
linking together of dipoles in the liquid state. Figure LXXXIV 
shows how this may occur. In cases (a) and (b), the dipoles set 
themselves in such ways as to tend to neutralize each other's 
influence, with a consequent lowering of polarization ; in case 
(c), the dipoles reinforce each other, with increased polarization. 
The association of water and the alcohols in the liquid state 
may then be represented by (a). Now suppose a liquid to be 
completely associated according to type (c), with 7 t molecules 
in each aggregate. Then the total number of molecules, 
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originally N, becomes N/n, and the pole strengths become nfi 
instead of /x. The expression for b in equation (4) is therefore 
increased n times, for the variable part N becomes N{n^Yj 7 i, 
or nNfx^. 

The factors determining the degree of dipole association 
appear to be : (i) the sizes of the molecules ; (2) the geometrical 
lie of molecules in juxtaposition. 



Figure LXXXIV.— ^Molecular Dipoles in Association. Here a(i), 
a(ii), a(iii), and b designate cases where dipoles combine so as to give zero 
resultant moment, whilst in c(i), c(ii) and c(iii) they reinforce each other. 


Gross^i^ has examined the values of P and R ( =Pj;) for a 
number of halogenated organic liquids, and finds that for com¬ 
pounds of similar type P is almost independent of the halogen 
present: thus, for QH^X, when X ^ F, P = 61-4, Cl 62-0, 
Br 627, I 607, In any series of corresponding compounds, 
from chloride to iodide, R increases and /x decreases, the effects 
practically compensating each other, the rise in electron 
polarization together with falling orientation polarization 
giving nearly constant total polarization. Further, P is always 
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less than Poo, the total polarization calculated by the dilute 
solution extrapolation method, where association is absent, the 
reduction P — Prr, being attributed to dipole association of 
types (a) and (b). In accordance with this, it is found that this 
reduction is least for iodo-compounds, in agreement with 
anticipation, since here the /a's are smallest, and the dipole 
association may be expected to be least. These results are 
illustrated by the following figures for the ortho-di-halogenated 
benzenes :— 
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Somewhat similar results have been found for the hydrogen 
halide gases by Clark.The Py values increase, and the P^ 
values decrease from HF to HI, but not in such a way as to 
cause compensation in the total polarization P, as in the liquids 
studied by Gross. 

Girard^i® has studied the dipole association of pure liquids of 
the alcohol type. The liquids fall into two groups, according 
as the association is of types (a) and (b), or type (c), which may 
be termed non-polar and polar association respectively. 
Tertiary alcohols form non-polar association complexes, as do 
primary alcohols. It can be foreseen that, in these cases, as the 
temperature is raised, the complexes will tend to break up and 
so set free new dipoles, which may partially or even completely 
compensate for the effect of the increase in thermal agitation 
in decreasing the polarization of the medium. The e/7' curves 
may be interpreted on this basis. In this connection, it may 
be noted that Smyth and Rogers^^^ found an increase in e with 
rising T for acetic and butyric acids. The Debye theory requires 
falling 6 with increasing P, so the discrepancy may safely be 
attributed to the effect of association. Girard and Abadie^^® 
found examples of the formation of polar complexes amongst 
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the polyhydric alcohols, the moments being given very approxi¬ 
mately by where n is the number of hydroxyl groups. 

The absorption and dispersion of the polyhydric alcohols has 
been examined with a view to throwing light on the problem 
of their association : it is found, for instance, that the formation 
of the polar complexes gives rise to discontinuities in the 
dispersion (e/A) curves. 

Early observations on the influence of field strength on the 
dielectric constants of polar liquids had indicated small 
decreases in e with increasing field (see this Vol. : zjAc). 
More recently, Malsch^i® found definite effects, Aejc being 
linear with the square of field strength. The deviations from 
the requirements of tlie Debye theory were found to be greatest 
for liquids having the largest €*s, and the departures might 
therefore be attributed to association. It was also found that 
the shift in the region of anomalous dispersion was greater, the 
larger the value of e and the greater the degree of association. 

Concerning the association of inorganic compounds, it has 
been observed (this Vol. : 36A) that Zahn^^o found decreasing 
moment in the series from hydrogen chloride to hydrogen iodide. 
Although some authors have held contrary views, it has been 
argued by Clark^^^ that hydrogen fluoride will possess the highest 
moment in the series, in accordance with the known capacity 
of the gas to associate, revealed by independent experiments. 

(B) Liquid Mixtures. It may first be noted, as already 
pointed out, that moments deduced from measurements in 
solution by extrapolation to infinite dilution take no account of 
association, since the aggregation of molecules decreases with 
increasing dilution. 

The curves marked III in Figures LXXXI, LXXXII and 
LXXXIII may now be considered in relation to the theory of 
dipole association advanced in the above sub-section A. Con¬ 
sidering Figure LXXXI for benzene-ether mixtures, the con¬ 
stancy of the contribution of ether to the total polarization 
indicates that ether is unassociated in benzene. In Figure 
LXXXII, a progressive fall in the contribution made by 
chlorobenzene in benzene is observed, a similar curve having 
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been obtained for nitrobenzene in benzene. Here the natural 
dipole moments tend to raise the orientation polarization, but 
resulting association (increasing with concentration) tends to 
lower it, if the association is of type (a) in Figure LXXXIV. 
Ingure LXXXIII shows the case of alcohol in benzene, where a 
maximum is observed for the contribution of the alcohol to the 
total polarization with changing concentration. Here it has 
been supposed that in the more dilute solutions of alcohol, the 
increasing contribution of alcohol may be explained by 
increasing association, probably in pairs, of type (c) ; after a 
certain critical concentration, triple molecules of type (b) may 
increasingly make their appearance, with attendant reduction 
of effective moment. Lange^^^ has studied numerous cases, and 
found nitrobenzene and pyridine in benzene to give curves of the 
type of Figure LXXXII, whilst propyl alcohol, n-bntyl-alcohol 
and isobiitylalcohol gave maxima like that in Figure LXXXIII. 
Isoamylalcohol was exceptional in giving a curve with two 
maxima. This was considered to be due to the superposition of 
two curves, the alcohol being a mixture of two isomeric forms. 

The influence of temperature was studied by Lange,for 
nitrobenzene in benzene (24'', 45"^ and 65^0.) and ior propyl 
alcohol in benzene (24°, 41"^ and 70°r.). Debye's formula 
[equation (18) of cap. XI] suggests that polarization decreases 
with increasing temperature, and it was found that for a given 
concentration the contribution P^^oi the substance dissolved in 
benzene to the total polarization of the mixture diminished with 
increasing temperature. The magnitude of the change did not 
obey the formula, which was deduced without taking account 
of association. If the formula were followed, multiplication of 
for absolute temperature T by the factor Tjzy^ should lead 
to a constant amount for a given concentration ; deviations 
from this give a measure of the effect of association. The 
temperature coefficient a of P^Tl 2 y^ was calculated for different 
concentrations according to the formula 
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using Ti - 273 + 24 and 273 + 65 for nitrobenzene, and 
273 + 24 and 7 \ 273 + 70 for propyl alcohol in 

benzene. It was thus found that the rising portions of the Pg 
curves corresponded to negative values of a, so that the mean 
moment decreased with rising temperature. Conversely, the 
falling portions of the Pg curves yielded a positive temperature 
coefficient, or an increase of mean dipole moment with tem¬ 
perature. In all cases, increasing temperature will tend to 
lessen association, but if rising portions of Po curves (as in the 
first part of curve III of Figure LX XXI 11 ) correspond to 
association of type (c), and falling portions to association of 
types (a) or (b), it follows that the effect on moment will be 
opposite in the two cases. A little reflection shows that the 
effects wwk according to anticipation. Repression of dipole 
association of type (c) (rising portions of curves) caused by 
increasing temperature will decrease the mean moment, since 
association of this type tends to raise it ; whilst repression of 
association of type (a) or (b) will tend to raise the mean moment 
and thus act in the opposite way, in agreement with observation. 
The results may be summarized as follows :— 


Portion of Po 
Curve 

Association 

Type 

Effect of 
Temperature 

Effect on 
Moment 

Effect on 

a 

Falling 

(a) or (b) 

Repression of (a) 
or (b) 

Increase 

Positive 

Rising 

(C) 

Repression of (c) 

Decrease 

Negative 


The effect of various factors in decreasing dipole association 
may be summarized as follows : (i) Increasing symmetry of the 
molecular group (association of types (a) and (b) ) ; (2) 
Increasing size of molecule (in homologous series) ; (3) 
Increasing temperature; (4) Decreasing concentration in 

solution. 

Further results on nitrobenzene have been recorded as follows. 
Wehrle222 studied mixtures in non-polar benzene, and polar 
ether and chlorobenzene. It was found that association may 
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occur not only between molecules of the same but also of 
different substances, so long as both are polar. Solutions in 
benzene and carbon tetrachloride have been examined in respect 
of their polarization, the evidence pointing to the electrical 
origin of the association of polar molecules. ^^3 Piekara^^^ has 
discussed the molecular polarization in hexane, and has cal¬ 
culated the degrees of association at 5°, 15° and 25X. On the 
other hand, van Arkel and Snoek^^s hold that nitrobenzene is 
unassociated in toluene, benzene, hexane and carbon bisulphide. 
The argument is based upon earlier work, as a result of which it 
appeared that nitrobenzene was a non-associating molecule, 
and upon the use of the modified Debye formula suggested by 
the authors (see this Vol. ; 37D). The constant c in this 
formula depends upon the dipole moment involved, and is 
characteristic of a given molecule and independent of the 
solvent, unless association occurs. For nitrobenzene, c 1-33 
in the four solvents, and zero association is deduced. This 
conclusion would leave the experimental obvServations of many 
earlier workers unexplained, and it seems impossible to accept it 
as final. 

According to van Arkel and Snoek,^^*'* benzonitrile is 
unassociated in benzene, but associated in hexane. This is 
attributed to benzene molecules having higher external fields 
than those of hexane. The association falls in the series 
CH3CN, CHgClCN, CCI3CN, in the direction of decreasing dipole 
moment, and is greater in hexane than in benzene in any given 
case. 

Graffunder and Heymann^^e took the departure from linearity 
of P2 curves as evidence of changing degrees of association of 
acetone or alcohol in chloroform or carbon tetrachloride with 
changing concentration. For many other liquid mixtures, 
linear relations were found. A small increase of dipole moment 
of dilute solutions of oximes in benzene has been attributed to 
association.^®® The association of chlorobenzene and bromo- 
benzene in carbon tetrachloride has been investigated, with 
respect to changes with concentration and temperature. 

Berger 228 has made an attempt to compare conclusions drawn 
about association in benzene from dipole moments with those 
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deduced from measurements of boiling-point elevation. The 
ratio between the observed and the theoretical elevation for 
many mono- and di-suhstituted benzenes could be written in the 
iorm B~ACy wliere ^ is a measure of association of a given 
substance. Approximate proportionality between A and /x was 
observed in many cases : for di-derivatives where the sub¬ 
stituent groups had moments of the same sign {e.g., Cl-NOa) the 
association decreased from ortho- to para-compounds, and when 
the signs were unlike (f.g., NOg-NHo) the converse was true (see 
Table XLIX). 

According to the distribution measurements on phenolhet\voQi\ 
benzene and water of Philip and Clark, phenol is increasingly 
associated as its concentration in benzene increases, in agree¬ 
ment with independent evidence. On the other hand, tlie 
polarization measurements of Williams and Allgeier^**^^’ show 
constant Pg values up to about 40^;;) phenol in benzene, a 
result which has been confirmed by Donle,^^ over a less wide 
region of concentration. No explanation api)ears to have been 
offered for these and kindred anomalies. 

It has been found by Smyth and EngeP^i that Langmuir’s 
theory of molecular surface energies in predicting the partial 
vaj)our pressures of binary mixtures of liquids breaks down if 
one constituent (an alcohol) has dipole moment. The authors 
have attempted to explain the observed divergencies in terms 
of interactions between dipoles. 

The formation of a compound between hydrogen chloride and 
ethyl alcohol has been suggested to explain the relatively high 
polarization of the mixtures as compared with that of hydrogen 
chloride in the gas phase. 232 More recently, Fairbrother^^^ has 
investigated solutions of hydrogen chloride, hydrogen bromide and 
hydrogen iodide in benzene and carbon tetrachloride as solvents. 
The dipole moments are higher than in the gas phase, and this 
is attributed to an increased ionic condition, under the polarizing 
influence of the dipoles induced in the solvent molecules by the 
fields of the solute dipoles. No check, however, has been made 
upon Zahn’s measurements^^® of the dipole moments of the free 
gases, and confirmation would strengthen the arguments 
concerning the nature of their solutions in organic solvents. 
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Fairbrother'vS result, if confirmed, might be accounted for by 
combination between solute and solvent perhaps almost equally 
well as in the explanation adopted. The formation of primary 
association products of this type is generally linked with 
considerable chemical reactivity. In many cases of ordinary 
reaction, it appears that primary associations are first formed, 
afterwards yielding the normal products of the reaction, as in 
the various decompositions of formic acid under the influence of 
catalysts. 23 ^ The intermediate compounds are seldom capable 
of isolation. 

(C) Theories of Dipole Association. Various types of associa¬ 
tion processes may be distinguished, with Ebert,as follows : - 

(t) Association hehoeen ions ] as in ionic crystals, where the 
linkages are “ many-sided ’’ ; and in salt vapours, where they 
are “ one-sided ; 

(2) Association between ions and dipoles (co-ordination com¬ 
pounds) ; 

(3) A ssociation between dipoles (molecular aggregates) ; 

(4) Association betioeen dipoles and quadrnpoles A 

(5) Association between quadnipoles. 

Associated ion pairs lead to salt dipoles,'’ as in NaCl 
vapour ; or possibly to salt quadrupoles," as in the vapour of 
HggCla. Walden^ss found, in conformity with this, that the 
dielectric constants of three organic solvents were raised by the 
addition of a salt of a quarternary ammonium base (this Vol. : 
27I)). The interaction between ions and dipoles seems to 
provide an explanation of the co-ordination compounds,the 

solvation " of ions, and, in particular, of the formation of ion 
liydrates and ammoniates.^^^ The co-ordinating atom need not 
be ionic, however, as in the compounds A(H20)6, S(NH3)(;, 
Ca(NH3)3, Ni(CO)4 and Mo(CO) 6 . Combination between dipoles 
of the same kind may be held responsible for molecular 
association in pure liquids and vapours, and of substances in 
solution. When the dipoles are unlike, molecular compounds 
between solute and solvent may be formed, as in the case of 
HCl and C2H5OH. The explanation of slow homogeneous 
reactions may lie in the intramolecular change of primary 

387 



THE FINE STRUCTURE OF MATTER [XIII 4OC 

associated products. Dipole association is also probably the 
preliminary and determining factor in many cases of hetero¬ 
geneous reaction, in being the underlying cause of adsorption 
(see following Section 41). 

van Arkel and Snoek^’ have classified substances into three 
classes, with respect to the presence or absence of association, 
and of variation of dipole moment with temperature :— 

(1) Unassociated with Constant Moment. Nitrobenzene, iodo- 
benzene, bromobenzene, butyl halides and ethyl acetate arc 
placed in this group. 

(2) Unassociated with Variable Moment (a), and Weakly 
Associated with Constant Moment (b). An example of (2a) is 
found in ethylene dibroniide. (2b) is represented by ethyl 
acetate in organic solvents ; its association increases from 
solution in benzene to carbon tetrachloride, and from carbon 
tetrachloride to hexane. 

(3) Strong Association. Examples are provided by the 
alcohols and acids in solution. The relations are generally very 
complex. 

The tendency of hydroxylated substances to associate is well 
known from independent evidence. In the case of water, 
Latimer and Rodebush^^^ suggested that an oxygen atom 
of one molecule might form a link with the hydrogen atom of 
another by sharing a pair of electrons, the hydrogen atom 
becoming effectively bivalent, as follows :— 

H 

H 

where the double dots signify pairs of electrons. A similar 
explanation may be used for alcohols and phenols. Sidgwick^^® 
suggested the terms donorand '' acceptor ” for atoms 
giving or receiving pairs of electrons respectively. The 
structure of associated water may then be represented as 
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follows, the arrows denoting directions of transfer of 
electrons :— 

+ -+- 
H— 0 ->H— 0 ->H—O 

1 I I 

H H H 

Compounds containing an amine group also show some tendency 
to associate. The + Pq values for a series of amines are 
given by Ebert^i^ as follows : HNHg, 15-9 ; CgHgNHg, 26-4 ; 
(C2H5)2NH, 23*3 ; (C2H5)3N, 24*5. Here association of type 
(a) lowers the dipole moment of ammonia. 

The hypothesis of Sidgwick has been criticized as a result 
of experiments on molecular refraction. Smyth, Engel and 
Wilson^^^ argued that the presence of a semi-polar bond (of the 
donor-acceptor type) should cause a diminution in molecular 
refraction of from 0-2 to 0-5 unit. It was found that the 
refraction of alcohol was independent of its concentration in 
heptane, whilst association would be expected to increase and 
refraction decrease with increasing concentration. Moreover, 
it was observed that the refraction of alkyl halides dissolved in 
heptane varied with temperature to about the same extent as 
an alcohol in heptane. Since alkyl halides cannot co-ordinate 
in the donor-acceptor way, the result was regarded as evidence 
against the Sidgwick hypothesis of co-ordination. Smyth and 
co-workers therefore assume the association to involve merely 
an orientation brought about by the strong forces between the 
dipoles. Similar views have been expressed by Martin and 
collaborators, ^^ho observed no change of refractivity with 
concentration for phenol-benzene and benzyl alcohol-benzene 
mixtures. This argument against the semi-polar bond theory 
of co-ordination of alcohols and phenols is supported by the 
earlier observation of Fajans and Joos of the lowering of 
refraction of the oxygen anion by successive laying-on of 
protons (see this Vol. : 34Db), 

Rolinski^^^ has attempted to calculate degrees of association 
from dipole measurements on solutions. Following Debye, he 
attributed deviations from additivity requirements of liquid 
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mixtures to association. It was found that dipole-free liquids 
(benzene, carbon bisulphide, carbon tetrachloride) showed no 
departures from additivity in mixture with each other, and the 
molecular polarization was independent of concentration. 
Mixtures in which one component (benzene-ether) possessed 
intrinsic moment, and those in which both components (chloro¬ 
benzene-quinoline) had moment, showed a fall in molecular 
polarization with increasing concentration, indicating increasing 
association of types (a) or (b). The equation of Debye was 
rewritten in the form 

P - ^irNa + . (16) 

where the degree of association a is given by r — (Nq/N), 
N being the total, and the unassociated number of molecules 
present at a given dilution. It was found that, for correspond¬ 
ing molecular concentrations, the association increased for the 
following substances in the order ethyl ether->chIorobcnzene-> 
pyridine->quinoline->nitrobenzene, which order is the same as 
that of ascending dipole moments of the unassociated molecules 
deduced by extrapolation to infinite dilution of solutions. 
Wolfke^^^ has extended these calculations by theoretical treat¬ 
ment on the basis of the Einstein exponential probability law of 
distribution of associated and unassociated molecules. In this 
way, good general agreement was obtained between degrees of 
dissociation calculated theoretically and those deduced from 
experiment by Rolinski's method. More recently,the cal¬ 
culation has been extended to cases involving association of 
type (c), where increased moment occurs in certain con¬ 
centrations. Curves showing maxima, in agreement with the 
experiments of Lange^^^ on alcohols in benzene were reproduced 
in the theoretical analysis. Sakurada^^® has further derived a 
simple relation between orientation polarization and the 
concentration of solution on the J^asis of the Law of Mass 
Action, whereby the degree of dissociation may be found. 
Comparison with the experimental data of Rolinski, Williams 
and Lange on chlorobenzene, chloroform, methyl acetate, ethyl 
acetate and nitrobenzene in non-polar solutes gave satisfactory 
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agreement. It was found that nitrobenzene gave triple, and 
the other molecules double complexes of zero moment. A satis¬ 
factory beginning has thus been made in allowing for the 
influence of association of different types. 


41. Dipoles and Adsorption 

No attempt is made in the present section to deal with the 
general theory of adsorption. A brief survey is provided of the 
suggested mechanism of the process in terms of polarization 
phenomena. 

Polanyi^^"^ considered the data of Titoff^^ on the adsorption 
of carbon dioxide by charcoal, and concluded that they might be 
accounted for by the mutual orientation of the magnetic and 
electric fields of adsorbent and adsorbed substance, in such a 
way as to cause attraction and consequent close approach of 
the two kinds of molecule. It is further supposed that sub¬ 
sequent deformation between molecules in contact on the 
adsorbent surface may occur in such a way as to set up induced 
dipoles, enabling opposite poles to approach each other more 
closely. Mukherjee^^^ considered the origin of the charge of 
the adsorbent and the relation between charge and con¬ 
centration of adsorbed substance. It was concluded that the 
first interaction is of a chemical nature, followed by electrical 
adsorption with the formation of an electrical double layer. 
Kar and Ganguli^^® have argued that there exists no essential 
difference between electrical and chemical adsorption, the 
theory being worked out on this basis. Eucken^^^ earlier 
expressed similar views, and considered data on the adsorption 
of argon by charcoal, where it was unlikely that any chemical 
forces could operate, and where the effect seemed to be due to 
the same forces as are concerned in the condensation of argon 
to the liquid state. These forces would be such as are found 
in polarization, and would operate over small distances only, 
compared with molecular dimensions (see Vol. i : Figure 
XXXIII). Lorenz and Lande^®^ concluded that adsorption 
results might be used to calculate the dipole moments of 
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adsorbed substances, but so far this hope has not been fulfilled. 
The studies of Frumkin^^® and Guyot^®^ indicate that the 
interface values of moment are always too low. Frumkin and 
Williams^®^ have concluded that some factor has been left out 
of account in making the calculation. 

Lorenz and Lande 252 found that the observed heats of 
adsorption might be accounted for, so far as orders of magnitude 
are concerned, on the basis of a dipole molecule held to the 
adsorbent surface by attraction between itself and a mirror- 
image induced dipole within the surface. The potential 
energy of a dipole in the field of its electrical image is J ^ 
/^^(i -f cos^6)lr^, where r is the distance between the dipole 
centres and d is the angle of inclination of the dipoles to the 
normal at the adsorbing surface. (This result may be easily 
obtained from the formula given at the end of Section 3 of the 
Appendix to Chapter XIV, by putting fx -- Wg, and 
$2 180"^ — 0). Lorenz and Lande only considered 

single films, but Bradley^^® showed that thicker films might be 
possible (see Vol. i : 33Cf, end). 

The work of Magnus^^’’^^®'^®® has done much to extend the 
electrical theory of the origin of adsorptive cohesion. In the 
case of carbon dioxide, which has zero moment, adsorbed on 
charcoal, it was assumed that an induced dipole was set up by 
deformation, whereby the C atom was attracted nearer to the 
surface than the two O's, a similar dipole being set up within 
the surface.It thus became possible to extend the polariza¬ 
tion theory to non-polar molecules. Magnus also discussed 
heat of adsorption, which was found to fall with increasing 
pressure of carbon dioxide. This was accounted for by 
inequalities in the surface, molecules being more firmly bound 
at certain points than at others. Herzfeld^®® considered 
adsorption heats in further detail. It was found that these 
might either decrease (as in the case considered by Magnus) or 
increase with increasing amount of gas adsorbed on a solid 
surface. Decreasing adsorption heats with increasing con¬ 
centration of adsorbed substance could be readily accounted 
for on the basis of inequalities in the surface, the higher points 
having smaller affinity for gas molecules. Hence the spots on 

392 



DIPOLES AND ADSORPTION 


xiii 41 j 

the surface having higher affinity will adsorb the first part of 
the gas, and give up larger amounts of heat than in later stages 
of the process. This explanation will not account for cases 
where the adsorption heat increases with increasing covering 
of the adsorbent surface, and Herzfeld introduces the conception 
of increasing interaction of neighbouring dipoles, with heat 
evolution, in explanation. The number of places on the surface 
where two or more adsorbed molecules lie close together will 
increase more rapidly than the amount of gas adsorbed in 
places with isolated molecules, according to this suggestion. 
Examples are provided by hydrogen or oxygen on the surfaces of 
sodhini chloride or fluorspar. The factor which determines 
which of these opposed processes shall prevail in a given case is 
apparently unspecified. 

Magnus^^® worked out the theory of the adsorption of polar 
water vapour and non-polar carbon dioxide as two-dimensional 
gas phases. Attention was also paid to the variation of 
adsorption heats with temperature, as observed below. In 
cases where the adsorbed gas molecule has zero moment, and 
an induced dipole is set up [e.g., carbon dioxide), the layers may 
be expected to be monomolecular. When dipole moment is 
present, thicker layers may be formed, with increased adsorp¬ 
tion : thus SO 2 is more strongly adsorbed than CO 2, and NHg 
and OH 2 than CH4, other things being equal. At low surface 
concentrations, the molecules can move freely about : they also 
vibrate perpendicular to the surface. Some molecules having 
high enough energies can escape, whilst others arriving are 
retained. In this region of concentration, therefore, the con¬ 
centrations in the adsorbed and gaseous phases are proportional 
to each other (c/. Henry's Law), and the heat of adsorption is 
independent of concentration. At higher concentrations, the 
relations are more complex, due to interactions between the 
adsorbed molecules. On raising the temperature, the ampli¬ 
tude of vibrations perpendicular to the surface increases, the 
mean distance from the surface increases, and the attraction 
between the dipoles of the gas molecules and their mirror- 
images decreases, so that the heat of adsorption falls. This 
theory may perhaps be the forerunner of a more rigid explana- 
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tion. A beginning has been made on the basis of the wave- 

mechanics.261-262 

InequaUties in an adsorbent in different parts of its surface 
may account for the activation of charcoal. Activation may 
be carried out by air, steam, and chemical reagents (zinc 
chloride, phosphoric acid and ferments), and it is suggested 
that the surface carbon atoms have one free valency capable of 
anchoring a vapour molecule, and that activation may cause 
pitting and extension of the number of available points of 
attachment. If the activation process be carried too far, 
deactivation may set in, as the surface pits become wider. 

Perrin 26 ^ expressed the view that the stability of electrically- 
dispersed metal systems depended directly upon the dielectric 
constants of the dispersion media. vSvedberg^®^ noted excep¬ 
tions to this, finding that platinum sols in methyl and ethyl 
alcohols were unstable, although the dielectric constants of the 
alcohols are relatively high. Wo. Ostwald^®® reported that the 
swelling of rubber was greater in liquids of lower dielectric 
constant. It has been found that a better interpretation of 
the stabilities of metalic organosols can be derived in terms 
of the orientation polarizations (dipole moments) of tlie 
dispersion media.2 6 ? Burton^®^ found that the particles of 
dispersed metal carried charges in certain media, the charges 
apparently arising from interaction between the particles and 
the medium. It would be anticipated that media of higher 
dipole moment would yield more stable groups in the neighbour¬ 
hood of charged particles, the solvent dipoles being orientated 
towards them : thus media of liigh intrinsic moment would 
produce more stable sols whose coagulation and precipitation 
would be prevented or at least delayed. Errera^®® prepared 
sols of platinum, mercury and copper sulphides in various media 
by chemical methods, and found the addition of substances 
having a lower dielectric constant than the solvent to cause 
precipitation, and conversely; exactly opposite to the effect 
mentioned above. According to Wo. Ostwald,^®® this may be 
attributed to the presence of ions as well as dipoles in the 
sheaths surrounding these colloid particles prepared by 
chemical means. Thus an HgS-alcohol sol may be coagulated 
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and precipitated by addition of benzene. The sheath surround¬ 
ing the micelle and responsible for its stabilization contains ions 
and alcohol dipoles. Benzene raises the polarization of the 
alcohol up to a maximum at a concentration of about 33% 
(curve B in Figure LXXXIII). The interaction between the ions 
and the alcohol dipoles leads to the destruction of the ion 
absorption layer with consequent coagulation of particles and 



Figurk LXXXV. —Relation between Polarization of Benzene- 
Ftiiyl Alcohol Mixtures, Solubility of 1’icric Acid and its Adsorption 
on Charcoal in them. A is reproduced from curve 111 of Figure LXXXIII ; 
B shows the adsorption of picric acid by charcoal in different mixtures ; 
C represents tlic solubility relations ; D shows the optimum concentration for 

coagulation. 


precipitation. Err era found that the optimum concentration 
for coagulation corresponded to that of benzene-alcohol 
mixtures having the highest total polarization. Angelescu and 
Comanescu^^® observed that the adsorption of picric acid by 
charcoal reached a minimum in benzene-alcohol mixtures of 
this concentration. 

A close connection exists between solubility and adsorp¬ 
tion.The more soluble a substance is in a given medium, 
the less easily is it adsorbed from the medium.^’ 2,273 Curve C 
in Figure LXXXV is drawn from the measurements of 
Angelescu and Dumitrescu,^’^ and shows the solubility of picric 
acid in alcohol-benzene mixtures. In accordance with the 
theory, the minimum of curve B, showing adsorption, roughly 
corresponds to the maximum of curve C, whilst both are not 
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very far removed from the concentration of alcohol in benzene 
containing 33% alcohol having maximum dipole moment of 
alcohol and maximum coagulating efficiency. This result seems 
to illustrate the relations between adsorption, solubility and 
polarization particularly well. 

Hermann and Boye^’® have carried the above researches a 
little further, by examining the often complex behaviour of 
liquid mixtures of different types in respect of influence of 
adsorption of substances by charcoal. In general, linear 
adsorption-concentration curves are obtained in the case of 
picric acid when both components are non-polar (benzene- 
carbon tetrachloride) or when one component only is polar 
(toluene-carbon tetrachloride) so long as no interaction occurs 
between the two liquids. Curved adsorption curves occur 
when one component is polar and is affected by the other 
(benzene-nitrobenzene) and when both components are polar 
(water-alcohol, chloroform-alcohol, etc.). The general relations 
between solubility and adsorbability are confirmed. In com¬ 
paring different substances in respect of the dipole moments of 
the media, it is best to compare substances of related con¬ 
stitution, for example, an homologous series of alcohols, when 
it is found that the solubility of an ion-yielding substance like 
picric acid increases with increasing deformability of the 
alcohol, whilst the adsorption diminishes. The experimental 
method, using picric or benzoic acids, was to centrifuge a 
mixture and titrate the residual acid in the medium. 

According to the theory of Debye and Huckel, an ion in 
solution in a polar solvent tends to surround itself with an 

ionic atmosphere of orientated solvent dipoles. This theory 
is found to throw light on the problem of the conductivity of 
more concentrated solutions of electrolytes. The building-up 
of the dipole distribution involves a time factor, which in 
turn causes a '' braking'' effect on the ion and alters its 
conductivity. 

The adsorption of potassium chloride and iodide and sodium 
chloride from aqueous solutions on negatively-charged barium 
sulphate follows the same changes with concentration as on the 
positively-charged substance.^’® It may be assumed that the 
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actions are similar, the positive ions being attracted to the 
negative surface, and vice versa. 

Bergmann^’’ has found that the blue colour developed on 
addition of iodine to starch solutions is due to adsorption. 

Adsorption is particularly important from the chemical 
standpoint in the study of surface catalysis. Three factors 
may be taken into account: (i) the extent of the surface; 
(2) the capacity of the solid to adsorb the reactants ; (3) the 
ability to form adsorption complexes. When two gases are 
adsorbed together, their molecules are brought into such close 
contact that the speed of possible reaction between them may 
be greatly accelerated, as in many familiar instances.Recent 
studies include the investigation of the electrical condition of 
hot metallic surfaces during the adsorption of gases, the results 
being discussed in relation to catalytic activity.^’^’^*^ 

The terms '' adatom '' and '' adion have been suggested by 
Becker®®^ to denote an adsorbed atom and ion respectively. 

Matter in the adsorbed phase must be regarded as being in a 
different, and generally more active, state than ordinary. The 
explanation put forward of this behaviour on the basis of 
polarization effects has yielded good general agreement with 
experiment. 

42. Dipole Moments of Inorganic Compounds 

(A) The Hydrogen Halides, Hydrogen Cyanide and 
Cyanogen. Zahn^^o determined the dipole moments of the 
hydrogen halide gases by the method of temperature variation 
of dielectric constant, as follows : HCl 1-03, HBr 078, HI 0*38. 
van Vleck (see calculated the moments from the total 
polarizations at N.T.P. as measured by Zahn, and the optical 
polarizations for infinite wave-length, deduced from the 
measurements of Cuthbertson and Cuthbertson, as follows : 
HCl I *06, HBr o*8o, HI 0*41, in substantial agreement with the 
directly obtained values of Zahn. Since these numbers 
co-ordinate two sets of independent measurements, they are 
perhaps the most reliable so far available. Other values have, 
however, been obtained. For example, Estermann and 
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Fraser^®^ found “ 1*95 for HCl by the molecular ray method, 
though no great accuracy is claimed, whilst Fairbrother^^^ 
found higher values by the solution method : (in benzene) 
HCl 1*26, HBr 1*01, HI 0*58; (in carbon tetrachloride) HBr 
0*96, HI 0-50, whilst in the solvents ethyl bromide and ethylene 
dibromide the respective practically normal values of i *02 and 
0*97 were obtained for HCl.^®^ 

The internuclear distance for HCl deduced from band 
spectra is 1*272 A.U. : if, now, the dipole distance d had been 
equal to this, the moment would have been /t' er^ — 1*272 x 
— 6*07, where e is the electronic charge. This high value 
compared with experiment leads to the conclusion that HCl 
behaves as if only 17*5% polar, and that the molecule exhibits 
considerable deformation, by the proton H'^ entering the 
negative Cl'^ ion (see Table in this Vol. : 34Db). An induced 
dipole is set up, tending to lessen the natural dipole, since it 
acts in the opposite sense. The effect of the induction will be 
to cause diminishing moment in the series from HCl to HI, 
since the polarizability of the negative ion increases from Cl'” 
to I ■. Debye has deduced the relation 

^ / (i -^^-).(17) 

where a' is the '' apparent polarizability of the negative ion 
(see 2B4). 

The apparent polarizability P' may be found by using 
P' — 47riVa/3, obtaining a from (17), when it is found that the 
values for HCl and HBr agree very closely with the molecular 
refractions of argon and krypton respectively, the inert gases 
having the same numbers of outer electrons : thus for HCl, 
P' = 4*31, P(argon) 4*23 ; HBr, P' 6*27, P(krypton) == 
6*42. Born and Heisenberg^® gave the polarizabilities a of the 
negative ions, whilst Clark^^^ calculated the values a" which are 
conformable with the dispersion of refractive indices as 
measured by Cuthbertson and Cuthbertson. The results 
indicate that a is too large, and a too small a measure of the 
true polarizabilities a". A simple relation, however, exists 
between these numbers: the lowering of polarizability of a 
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halide ion by a proton a -- a" being in linear relation with 
Debye's a according to the expression. 

a — a 0 - 25 a' + 0-o6 . (l8) 

from which it appears that the apparent polarizability a is a 
measure of this lowering for each of the four halides. This is 
shown in the following scheme : 


Di-atom 

a 

a' 

a" 

(expt.) 1 

(calc.) 

11F 

0-90 1 

(0-40) 

(o-8o) j 

0-83 

HCl 

i 3-05 

1-70 j 

2-56 

2-56 

HBr 

4-17 

00 

3*40 1 

3-40 

HI 

6-28 

1 

4-16 

5'xS ! 

,5-i8 


The agreement with experiment is observed to be exact, except 
in the case of HF, where the numbers are somewhat less 
reliable, being partly deduced from estimates. 

A further point of interest arises in connection with the 
discovery that a" so that the cube of internuclear distance is 
a measure of the polarizability of a hydrogen halide. The relation 
is a" = 1-242^/ 215 ^ jg of virtually the same form as an 
equation suggested by von Wisniewski, who wrongly assumed 
the applicability of Maxwell's rule to the polar hydrogen 
halides. The above result, however, turns out to be indepen¬ 
dent of this assumption. A similar relation has also been used 
by Bergmann and EngeP®^ in deducing interatomic distances of 
inorganic halides of more complex character (see Section 42 K 
below), and was applied to the hydrogen halides, but with not 
very good success. Further analysis of these results might be 
extremely fruitful. 

Mulliken 288 has pointed out that dipole moments as normally 
given refer to equilibrium internuclear separations. Since the 
nuclei are in vibration, the dipole moment must be continually 
changing. A study is made of the variation of fx with inter¬ 
nuclear distance for HCl, HBr and HI and other cases. 
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An attempt has been made to find a relation between the 
solubility of HCl in different organic solvents.^®® Although a 
tendency towards increasing solubility with increasing dielectric 
constant of the medium is found, it is clear that the parallelism 
is not exact. Some other factor enters in, and it is suggested 
that this may be associated with the discontinuous nature of the 
solution in the neighbourhood of solute molecules. 

Some discussion has taken place about the most probable 
dipole moment of HF. According to the quantum-mechanical 
calculation of Kirkwood,^^(HF) is less than /x(HCl), and 
Smyth and Me Alpine®"^ have adopted the provisional value of 
0*8 on this basis. Smallwood^^i has obtained the higher figure 
2*0 by extrapolation, whilst Clark^^s found the value 1*58 
between these extremes. Smallwood^s extrapolation is liable 
to considerable uncertainty : Clark's estimate is also open to 
question, since it is based on the assumption that the apparent 
polarizability of HF is equal to the molecular refraction of neon, 
and it is somewhat uncertain whether Debye's principle may be 
extended to this case. However this may be, the weight of 
evidence seems to be definitely in favour of the idea that HF is 
the most polar molecule in the group of hydrogen halides (see 
discussion in 21 

The dipole moment of a compound HX is generally less than 
that of RX, where R is an alkyl group. Thus we may expect 
the moment of HCN to be less than that of methyl cyanide 3*16 
(this Vol. : 38F) : according to a recent measurement of 
Smyth and McAlpine, it is 2*932 for hydrogen cyanide gas. 
Earlier measurements yielded lower values.'*^ Cyanogen gas, 
examined by Braune and Asche,^®® gave the small, though 
appreciable, moment of 0*3. The fall in moment between 
HCN and CgNg must be attributed to increasing symmetry. 

(B) Carbon Monoxide and Derivatives. Early measure¬ 
ments^^ indicated that carbon monoxide possessed a small 
moment, about o*io, which exactly agrees with a more recent 
result of Rao and Ramaswamy.^®^ The structure of the 
molecule has been much discussed. Early evidence, based on 
the Heitler-London theory of molecule formation, suggested a, 
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double bond for CO, in conformity with its known tendency to 
form addition compounds such as COClg. The characteiistic 
frequency derived from the Raman Effect, however, suggested 
a triple link, in agreement with the fact that CO and Ng are 
assigned similar electron configurations, the bond in Ng being 
certainly triple. Hammick, New, Sidgwick and vSutton^^’ sug¬ 
gested that the third linkage was semi-polar, both electrons for 
it coming from the oxygen atom. Lesshcim and SamueP®^ 
urged that the pair of electrons provided by the same atom 
should not be counted as taking part in the Hnk, which was 
therefore considered to be double. Pauling and Sherman^®’ 
have adduced evidence that the heats of formation of many 
molecules are less than those calculated for any simple 
structures, and have attributed this to the presence of resonance 
mixtures of different forms. It was found that CO cor¬ 
responded to a mixture of Cr ™ 0 “^ and C == to which 
Mulliken^®® has added a component C *^ — O". Sutton^^® has 
reached similar conclusions on the basis of dipole moment 
calculations : it is found that C — O and C = O correspond to 
moments of —27 and 1-4 respectively, from which further 
support for the theory of an equilibrium mixture is derived. 
The case in favour of a resonance mixture in CO is thus rather 
strongly upheld. It may be further argued that CO behaves as 
if consisting of molecules in which a triple linkage, more polar 
than that of Ng, is found. Evidence derived from bond con¬ 
stants and mean restoring forces of molecules of similar type 
lends some weight to this view.^®® 

Phosgene^^^ has a much higher moment than CO, doubtless 
due to the additional asymmetry introduced by the addition 
of two C-Cl moments. Iron pentacarbonyl^’^ is assigned the 
moment 0-64. It is suggested that in Fe(C0)5 one CO group 
is attached to Fe differently from the other four, as in the 
structure of SbClg (see Section 42K below). This structure 
seems to be supported by the chemical behaviour of iron 
pentacarbonyl. 

(C) Water and Hydrogen Peroxide. An asymmetric 
model of the water molecule was suggested, prior to the theory 
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of dipoles, on thermal grounds. Boltzmann found that the 
molecule possessed energy of rotation in three directions at 
right angles. Nernst^^^ measured tlie molecular heat of water 
vapour at constant pressure at low temperature, and found 
Cp ~ 7*94 -= 8i?/2, which gives the molecular heat at constant 
volume (\, ^ Cp — R 6R/2 5‘95. This corresponds to six 
degrees of freedom, three of which are of translation in three 
directions at right angles. If the remaining three degrees of 
freedom are of rotation, there must be three axes of rotation at 
right angles in space, whicli would not be provided by a linear 
model. Further, the ratio CyC,, =-= i*33, whilst a linear 
symmetrical model requires 1*4. 

Vorlander (dissertation with Weber, 1914)^®^ suggested a 
triangular model for the water molecule, having the (tetra¬ 
hedral) angle 109^, as an outcome of a study of the prop)erties 
of certain organic liquid crystals. 

Rubens and Hettner,^®^ in the course of a study of the long¬ 
wave absorption spectrum of water vapour, suggested the 
model of an isosceles triangle. It was found that the molecule 
possessed three degrees of freedom of rotation in agreement 
with the thermal evidence ; there would therefore be three axes 
of rotation and three moments of inertia. This was confirmed 
by Eucken^®^ from the separation of lines in the infra-red 
absorption band, the following values being found : 3*20, 2-25 
and 0-975 X 10-^®. More recent estimates are 2-955,1-907 and 
1-09 X The three axes at right angles are shown 

diagrammatically in Figure LXXXVI. 

Mecke,^^® after a recent careful analysis of the vibration- 
rotation bands of water vapour, has adopted the triangular 
model, with an angle of about 104° between the two oxygen 
valency directions. This seems to be the best estimate at 
present available. 

Other estimates of the apical angle of water may be briefly 
noted : Reis®®® 90° ; Cuy®®’ 109° ; WolB^® 110°; Piccard®®® 
120°. Land^®®® and Hund®^® also found triangular models by 
calculation. The treatment of Debye®^^ is given in the 
Appendix to Chapter XIV (Section (4) ). The method of 
calculation is of more interest than the actual result (64°). This 
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may be compared with the more recent estimate of a 

value nearly twice as great. The nearest distances are 0 -H 
0*972, H-H 1*516, for an angle 102'' 30'. 

A mean value of the dipole moment of water vapour may be 
taken as 1-85.'*^ The fall in the dielectric constant of water on 
freezing, from 80 to 3*2, may be associated with partial loss of 
rotation of the dipole molecule on solidification. According to 
Smyth and Hitchcock, behaves as a very viscous liquid. 


I 

I 

I 



P'lGURE LXXXVI. —Structure of the Water Molecule. (Debye.) 


and shows dipole rotation. Other cases of changes in dielectric 
constant on freezing are discussed in this Vol. : 28B. 

The dipole moment of hydrogen peroxide was found to be 2*13 
in dioxane, and 2*06 in ether solution (Linton and Maass^^). 
Theilacker^i^ adopted the angle 110° for and calculated 

= /^Hoo/2cos 55°. Assuming free rotation about the 
central 0-0 line, and that the oxygen valency angles were as 
in water, it was found that "= /^(:)Hsin7o‘^\/2 gave 

good agreement with experiment (for basis of the formula, 
see ®®). The calculations of Penney and Sutherland,^^^ how¬ 
ever, suggest an unsymmetrical model of the type HOOH, with 
different angles between the two O valency directions, and 
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without free rotation about the central linkage. Similar con¬ 
siderations may apply to hydrazine (Section 42H below). 

(D) Hydrogen Sulphide. The moment is about 
Hund®^® adopted a triangular model as for water. Hampson, 
Farmer and Sutton^®® find the angle between the S valencies to 
be 118® in diphenylsulphoxide, and suggest that the angle is 
probably smaller than this in HgS. 

(£) Carbon Dioxide. The small moment of o-o6 found by 
Zahn has been gradually reduced to zero by later observations.^® 
Eucken®^® and Rawlins®^® have considered the X-ray structure 
of solid CO2, the molecular heat, and the dipole moment 
estimates, and conclude that a linear, symmetrical model OCO 
will best account for the facts, in agreement with independent 
spectroscopic evidence. The linear form of the molecule in the 
solid state appears to be preserved on sublimation. 

(!') Nitrogen Oxides. An early value of the dipole moment 
of nitrons oxide was 0*25 : later measurements by Ghosh and 
Williams gave zero moment.^® Czerhnsky®^’ and Watson, Rao 
and Ramaswamy®®^ find yu = 0*14 (±0-02) and 0*17 

respectively. The linear unsymmetrical model NNO may 
account for the facts, and would explain the relative ease of 
removal of O better than the model NON. Sutton®®® suggests 
that a resonance mixture of Nl:N =^0 and N=N ->0 may be 
present. 

Nitric Oxide has been assigned 0-07 (approx.)®^® and o-i6.®®^ 
The orientation polarization seems to be small, though definite, 
perhaps associated with the odd number of molecular electrons, 
and the presence of a single electron bond. It may consist of a 
mixture of N == O and N±: 0 .®®® 

Zahn®^® found the dipole moment of nitrogen peroxide to be 
0*39 for NOg and 0-55 for N2O4 molecules, measurements being 
made on equilibrium mixtures of the two gases. The apparent 
increase of moment with association seems striking, but no 
great accuracy is claimed for the numbers, which may represent 
upper limits only, 
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(G) Sulphur Dioxide and Derivatives. A high moment of 
the order of i.6^* is reported for sulphur dioxide, indicating 
asymmetric structure. Two .semi-polar bonds inclined to each 
other would appear to account for this result. 

Thionyl chloride, SOClg, and sulphuryl chloride, SOgCla, have 
been assigned the respective moments 1-38 and i*64.^2® It is 
suggested that semi-polar links raise the moments. A rough 
estimate of the moment of sulphur chloride, SClg, is 0*56.^20 

(H) Ammonia and Hydrazine. The electric moment of 
ammonia gas is about 1*46.^® KosseP^i postulated a polar 
composition of the molecule, N holding three ions 
symmetrically in a plane. On the other hand, HiickeP^^ 
regarded the linkages as homopolar, as in the substituted com¬ 
pound NH2CH3. Piccard and Dardel,^^^ considering the 
stereochemical result that the four valencies of co-ordinated 
nitrogen are directed towards the corners of a regular tetra¬ 
hedron, suggested that even where three valencies of nitrogen 
only were satisfied, the nitrogen atom might lie outside the 
plane of the three hydrogen atoms, thus conferring dipole 
moment. Hund^^® considered a polar structure in which the 
four ions formed a tetrahedron with three equal side faces. 
Robertson and Fox ^24 argued from the relatively large tem¬ 
perature coefficient of dielectric constant of ammonia that the 
molecule possessed tetrahedral symmetry, with the nitrogen 
atom possibly at no very great distance from the plane of 
hydrogen atoms. The model is shown in Figure XCIV (see 
Section (5) of the Appendix to Chapter XIV). The height of 
the pyramid is computed as 0-38, and the nearest distances N~H 
1-02 and H-H 1-64 

The moment of hydrazine, NgH^, is found to be 1*84.^’' 
Although a symmetrical model with free rotation about the 
central N-N linkage is possible, Penney and Sutherland^^^ 
postulate a skew arrangement as the most stable configuration, 
as in the case of hydrogen peroxide. 

(J) Phosphine and Arsine. The moments are found to be 
0*55 and 0*15 respectively (Watson^®). There is decreasing 
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moment from ammonia to arsine with increasing molecular 
weight, as in the series from HCl to HI and from HgO to HgS. 
It seems reasonable, adopting tetrahedral frameworks, to 
ascribe increasing flattening to the structures, with decreasing 
tetrahedral height as the central atom increases in size from 
NH3 to AsHg. The same kind of effect may operate with 
successive replacement of H by CH3 in the series from NHg to 
N(CH3)3.^^^ 

(K) The Halogens and Non-hydride Halides. Williams 
and Allgeier^^o found the very considerable moment of 1*4 for 
iodine dissolved in benzene, whilst Muller and Sack^^e gave i*2 
for the red solution in the same solvent. The moment is zero 
when measurements are made on the violet solutions of iodine 
in hexane and cyclohexane. The moment in benzene appears 
to be due to polarization of the iodine molecule by the solvent. 
Some difference of opinion has evidently existed as to whether 
the free gas halogen molecules have moment or not. Williams 
and Allgeier quote moments of 0*58 and 0-13 obtained by 
Smyth in calculation for bromine and chlorine respectively, 
'fhese numbers apparently refer to the liquid states of the two 
halogens, and it is extremely doubtful whether they apply to 
the vapours. According to the very careful measurements of 
Luft^^ on bromine vapour, the moment is zero to within o*i. 
The moments of all the halogen gases are presumably zero, in 
accordance with their symmetrical structure. Liquid bromine 
has been assigned the moment 0-49.^® Ions may be present in 
liquid bromine and iodine, as the evidence of electrical con¬ 
ductivity requires (Vol. i : 20C). The moments of iodine 
monochloride (0*5^®) and iodine monohromide (1*0^^) suggest the 
presence of polar and unsymmetrical molecular structure. 

The moments oi potassium chloride (6’3) and iodide (6*8), and 
of sodium iodide (4 *9) have been estimated by the molecular ray 
method.An error not greater than '^.S% niay be present. 

Amongst bivalent halides, the moments of beryllium chloride 
and bromide have been found to be zero.^^® The case of SCI2 is 
mentioned above. 

A convenient list of moments of compounds of MXg type has 
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been prepared by Smyth. The following shows the leading 
results in somewhat more extended form : 
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The moments of compounds of MX^ type vary to some 
extent in different solvents. The results indicate a series of 
inequalities, the moments of the following molecules descending 
in the order SbClg, AsClg, PCI3, PBra, PI3. Here SbClg may be 
supposed to be of pyramidal form with the most acute apical 
angle in the scries, whilst PI3 is the flattest molecule. It is 
evident that increasing radius of M and of the halogen X act in 
opposite directions in these cases.^®’ The change in moment 
from PCI3 to PI3 is also opposite to that from NH3 to AsHg.'^'”'" 

Malone and Ferguson^^^ have prepared an electronegativity 
scale, based on the order of the X-H link moments : increasing 
electronegativity follows the order As, P, I, S, Br, Cl, N, O, F 
(see this Vol. : sqAa). Appreciable moment is predicted for all 
trihalides of the fifth group, except PI 3 and NCI3, where the 
atoms concerned do not differ greatly in electronegativity. 

Solid AsFa has the moment 57.^^® Addition compounds of 
trihalides with organic compounds have been studied.The 
zero moment of AlBra in CSg may be attributed to association 
to form AlgBrg molecules. (The result was obtained by the 
optical refraction method, and not by extrapolation to infinite 
dilution.) 

Symmetrical tetrahedral models have been proposed for 
SiCl4,^^® TiCl4,^^® 5014^2® and GeCl4.®^® In the case of SnCl4, 
moments of o*8^®® and are recorded. The symmetrical 

structures are confirmed by the X-ray evidence (this Vol. : 8), 
whilst the moment of SnCl4 may perhaps be explained by a 
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somewhat deformed tetrahedral structure. Various organic 
addition compounds of TiCl4 and SnCl^ have been examined, 
also organic ethyls of SnCl4.®®^ The moment rises considerably 
on replacing two Cl's by ethyl groups, but falls off again to 
Sn(C2H5)4, where symmetry is again restored. Bergmann and 
Engel’s results on TiCl4 and SnCl4 have been questioned by 
Ulich and collaborators.^^’ 

Simons and Jessop^^^ have found zero or very small moments 
for PCI5 and SbClg in CCI4, Bergmann and Engel,®^® however, 
found a moment for SbCl^ in CCI4 of 1*14, a widely different 
result. It is suggested that in compounds of this type the 
presence of moment may be attributed to one Cl atom being 
differently attached from the other four to the central atom. 
The model suggested is like that proposed for Fe(CO)5, with 
four attached groups at the corners of a square basal plane of a 
pyramid, the other group occupying the apex. The central 
atom will lie somewhere on the middle line of the pyramid 
perpendicular to the base and passing through the apex. In 
view of the conflicting experimental evidence, however, no 
great weight need be attached to this suggestion, until the 
question of presence or absence of moment in compounds of this 
type is cleared up. 

Bergmann and EngeP^® have suggested a simple relation 
between the nearest distances M-X in compounds of the above 
types MX, MXg, MXg, MX4 and MXg, as follows :— 

. (19) 

This formula was applied to internuclear distances of the 
chlorides, in order to ascertain the separations B~C 1 , P-Cl, 
As-Cl, Sb-Cl and Sn-Cl. Taking the radius of the Cl atom as 
1*07, it was possible to deduce the atomic radii of the non¬ 
halide atoms, with good general agreement with independent 
evidence. On the other hand, the relation gave too low values 
for the internuclear distances of the hydrogen halides HX. 
The assumption virtually is r/ == a, the polarizability. Clark^i® 
has shown that strict equality does not hold, but that pro- 
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portionality between a and is observed for the liydrogen 
halides, according 1o the relation 

a 1*242^/ . (20) 

A similar relationship has been suggested by Goss/^® as fol¬ 
lows ;— 



The polarizability factors ”/of a number of simple di-atoms 
have been calculated, and shown to stand in linear relationship 
with the group number n in a given period. HiickeP^ has 
criticized Bergmann and EngeFs work on the basis of equation 
(19) on the ground that it gives only upper limiting values of 
internuclear distances, and that, especially when considerable 
dipole moment is present, the errors may be large, as great as 
lo^X) (SbClg). The authors have replied to this objection. 

By combining (19) and (21), we get an upper limit for/ 16/9 
• 178. 

Bergmann and Engel's research has also been subjected to 
some criticism on the ground of experimental detail.®®'^ In 
spite of this, the work seems to constitute a notable advance in 
the application of stereochemistry to the Clausiiis-Mosotti 
formula. 

(L) Silver and Lithium Perchlorates. The solubility of 
AgC104 in C^Hq has been examined by Hill,who found 
indication of complex formation AgC104C6H6. Williams and 
Allgeier^®® assigned the large moment 47 to the molecule in 
dilute solution in benzene. The still larger moment of 7-84 has 
been assigned to LiC104 in dioxane.®^® 

(M) Gases of Zero Moment. In addition to cases men¬ 

tioned in preceding sections, the following have zero, or very 
small, moment: Na, K, P and S and the gases He, Ne, A, Kr, 
Xe, Hg, Og, Ng and The symmetry of the diatomic 

gases Hg, Og and Ng is confirmed by the absence of infra-red 
absorption bands from their spectra. 

Attention may be called to the fact, previously noted, that 
the polarization of COg and NHg increases slowly with density 
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ill defiance of the requirements of the Clausius-Mosotti law, 
whilst the polarization of CH4, Ng and H2 is independent of 
density.^^^ No satisfactory explanation of these results appears 
to have been found. 

It may be argued that some of the results described in 
foregoing paragraphs may be inapplicable to the free molecules 
on account of possible interaction with the solvents employed. 
Definite evidence of such interaction exists in some cases, and 
seems to be indicated wherever the moment of a given substance 
varies in different solvents. Such interference can perhaps only 
be considered to be entirely eliminated in cases where the molar 
polarization of the solute P2/2 gives a linear relation with 
concentration, that is, where the contribution made by the 
solute is constant. Fortunately, in a considerable number of 
cases, this condition is fulfilled : where it is not, it must appear 
that deductions which neglect the possibility of interaction 
must still be accepted with some reserve. 

43 . Dipoles and the Kerr Effect 

(A) General and Theoretical Results. It was discovered 
many years ago by Kerr that carbon hisidphide became doubly 
refractive for a light ray passing perpendicular to the direction 
of an applied electrostatic field, the difference in refractive 
index for vibrations in two directions at right angles being 
proportional to the square of the field intensity for a given wave¬ 
length. Cotton and Mouton^^^ observed the similar effect 
for an applied magnetic field. The further study of these 
phenomena in more recent times has thrown much light on the 
problem of molecular structure in connection with the theory 
of polar molecules. 

Figure LXXXVII depicts two parallel plates between which 
a large difference of potential V may be maintained in the 
medium placed between them. Let a plane polarized light ray 
pass in the direction OY parallel to the plates, the vibrations 
being at right angles to OY. If the polarizing and analysing 
nicols are set so that no light escapes at Y, it is found that 
light begins to pass the second nicol when the field is applied 
along OZ, at right angles to OY. Then according to the Kerr 
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Effect, the indices of refraction for vibration components of 
the light parallel to OZ (rj and to OX, at right angles to OZ 
(rj, will be different, the difference being proportional to 
square of field strength for given wave-length A. The 



P'lGURE LXXXVIT. —The Kerr Effect. 


general formula for the Kerr constant B for a vapour sufficiently 
rarefied to obey Boyle's Law is then 



( 22 ) 


The phase difference [AD] is given by the relations 

[AD] = = 27 tBlE^ = 277 [JA] = .. (23) 

where I is the length of the light path, and a is the distance 
between the plates. These equations embody Kerr's Law. 

The Kerr Effect has found interpretation in terms of the 
optical anisotropy of molecules, according to which their 
induced polarizabilities may be different in different directions. 
Normally, a group of anisotropic molecules behave as if 
isotropic, because the molecular axes are distributed at random 
in different directions, so that the net effect in any one direction 
is the same. The Kerr Effect is of importance in revealing the 
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anisotropy of individual molecules. Havelock**® related to¬ 
gether the Kerr and ordinary dispersion, as follows :— 


B = 


c 


(r* - I)* 
rX 


(24) 


where r is the ordinary refractive index, and c is a constant 
independent of A, a relation known as Havelock's Law. 
Silberstein^^® examined departures from additivity of molecular 
refraction, and concluded that contributions made by isotropic 
atoms cannot give correctly the resultants of anisotropic 
molecules by simple addition. The transverse and axial 
refractivities were calculated in simple cases, and it was found 
that neither possess strictly additive character. 

In respect of its optical distortion, a molecule may be 
represented by a polarization ellipsoid, having three per¬ 
pendicular axes, along which the polarizabilities are respectively 
^i» ^2> ^3 so that the mean polarizability a is given by— 

. = _ 'Ini. .(25) 

3 f 2 _j_ 2 ^rrN 


where N is the number of molecules per c.c. of medium. In an 
electric field, the molecules will tend to set themselves so that 
the direction of highest polarizability will be parallel to the 
field direction, except when r^>r, and B becomes negative. 

Gans^^^ found that the optical anisotropy of a molecule 
might be measured by a quantity S, related to the depolarization 
factor A (ratio of intensity of light scattered parallel and at 
right angles to the direction of the incident beam), as follows— 


- 


5 ^ 

6 —yA 


ih - b,r + {b, - 63)^ + (&3 - hY 

2 {bi -f- 62 + 6,) 


.... (26) 


For completely symmetrical molecules, = b^, so that 

J — ,5 = 0 (see this Vol. : 45). The J’s are not, however, 
always accurately known from experiment. 

Langevin®** gave an account of the Kerr Effect on the basis 
of the optical and electrostatic anisotropy of molecules, the 
orientative action of the applied field being due to the couple 
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exerted by it on the induced dipoles of the molecules of the 
medium. Born^^® extended the theory to take account of the 
effect of the field on permanent electric dipoles, if any, which 
may be present. A convenient summary of the argument has 
been given by Beams,^®^ so that results only need be given here. 
Other works which may be consulted are due to Meyer and 
Otterbein,^^^ Wolf, Briegleb and Stuart,^^^ ^ixid Stuart and 
Volkmann.®^®'’*®^ 

The result of the Langevin-Born theory may be expressed as 
follows, in terms of new Kerr constants K, Kg •— 


K _7TNr {r^+2)( €+2 )-2 

r rE^ 3>'®L 3 J 

where 


K,+K,.,.{27) 


. (28) 

and 


_ I _Kmi'’ - M2®) (^1 - 2) + (M 2^ - Ms*) 2 - ^s) + 

45 k^T^ (ms*-Mi*)(&s~ 6 i )1 .. 


(29) 


The Kerr constant K may thus be split up into two parts, Ki 
( -37riV^i) and A'g {=^3TrN62), of which Ki refers to the induced 
polarizabilities and Kg to the permanent electric dipoles. The 
values of 

> ^2* ^3 correspond to the electric polarizabilities 
along the three axes under the applied electric field. The 
moments /ij, /xg, /xg are the components of fx along the same 
optical axes : k is Boltzmann’s constant, and T the absolute 
temperature. Molecules without permanent moment have 
K Ki, Kg ^ 02 = 0. 

The three relations (25), (26) and (27) enable estimates of 
61, 6g and 63 to be made. In general, the equations take some¬ 
what simpler forms in the case of gases (see Section B below). 
The direction of the permanent dipole may also lie along one or 
other of the axes of the optical ellipsoid, enabling certain simple 
conclusions to be drawn. Thus if ^g = 63, for /x = /x^, 
^2 ^3 = o, ^2 = 62) ; whilst for fx = or /X3, 

with the other two components of moment respectively zero, 
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$2 = —2/x2(&i — 62)• Hence $2, and therefore K2, is positive 
when the dipole lies along the axis of greater polarizability, and 
negative when the dipole is at right angles to the axis. In the 
latter case, if K2>Ki, K = Ki + K2 will be negative also. The 
following results should hold:— 

(a) K, and therefore B, can be either positive or negative ; 

(b) Ki can only be positive ; 

(c) K2 can be positive or negative : when positive, the dipole 
lies along the axis of greatest polarizability, and when negative, 
the dipole is inclined to this axis ; 

(d) a diatomic molecule has the direction of greatest polariza¬ 
bility along its internuclear line ; 

(e) a plane molecule has the greatest polarizability in the 
plane, and the least at right angles to the plane. 

It is noteworthy that molecules having dipole moments often 
have negative Kerr constants, especially when the moments are 
relatively large, and that no molecule known to lack permanent 
moment has ever been found to have a negative constant. 
This provides a striking confirmation of the theoretical pre¬ 
dictions. 


(B) Results on Gases. We may first simplify the relations 
given in the preceding sub-section to the case of gases, where 

(a) the refractive index r does not differ appreciably from unity, 

(b) there is an axis of symmetry, so that 62 
Equation (25) then gives 

„ _ h+2bi__ r^- i 3 ^ _3 3 

3 ' 477iV r®+2 ’ 477-N 3 ’ 47riV’ 


so that 


2 itN 3 


{30) 


The Gans relation (26) takes the form 

.2 _ _ {bi-b,Y 

' 6 - 7/1 {b,+ 2 b,y 

or, putting {bi-j-zh^Y 9“^ 

. 
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Further, equation (27) reduces to 

(e,+e,), 

so that 

K ==: 3TtN{0i+62) . (32) 

Gans^^^ also introduced the approximations 


—I 

00 __ 

|/2_ 


r —I 


bi bg 

so that (28) becomes, on substitution. 




I (>'00 -i) 

2 kr ■ vrWi' 


6-7J 


. (28a) 


giving, by Ki = inserting the values of the constants, 

at N.T.P., 

Kj, - 472 X io~\r-i)(r^ -1) . .... (33) 

Finally, ii fj, — and = ju.3 = 0, from (29), 


45kn 


-rn (2^1 —^2 —^3) 


(34) 


which undergoes further simphfication when b^ = b^. 

A few results on non-polar molecules are first considered. 
Chlorine Clg*®*®®® has = i-000782, a — 4-6i X 10“^*, A = 
0-043, M = o. K2 = o, whence, by equations (30) and (31), 
bi — 6-60 X I0“*^ bi ^ ba ~ 3-62 X io~~**. Further, r^ — 
1-00076, so that, by (33), — 4-2-1 x io“i®, in good agree¬ 

ment with the experimental figure 2-3 x lo""^® (Na-D fine, 
760 mm., 24°C.). Here the bi is the intemuclear axis of 55^1- 
metry, and the direction of greatest polarizability, in accordance 
with the positive sign of the Kerr constant. Other linear, 
non-polar molecules treated in similar fashion have yielded the 
following results : acetylene CgH^, = 5-12, 62 = ^3 = 2-43 ; 
carbon dioxide CO2, b^ — 4-10, = bg = 1-93 ; carbon bisul- 
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phide CS2, bi 15*14, ^ ^ 5*54 ; nitrous oxide NgO, 

5*32, 62 == ^3 ^‘83 (xio~2^). In all these cases, the b^ 

is an axis of symmetry. There is some doubt, as already 
pointed out elsewhere, whether the dipole moment of nitrous 
oxide is zero. The Kerr Effect gives K (expt.) 3*08, 

(calc, by (33) ) =- 2-68, so that ^ K—K^ == 0*4 x 10 
which gives an upper limit for ^ of 0*14. Hence the linear, but 
unsymmetrical, model N = N = O is suggested, in agreement 
with independent evidence. Sometimes relatively large K's 
occur even for non-polar molecules, as in the case of CSg 
[K = 21-0 X 10 1 ^). 

As an example of a plane molecule without moment, wc may 
cite benzene CgHg, for which K 5*8 X 10 at 760 mm. and 
I05°C., A == 0*042, r^ = 1*001821, whence b^ ^ 6*76, b.^ - = 
63 12*7 X io“ 24 ^ Here measures the polarizability per¬ 

pendicular to the ring plane, whilst ig 63 are in the plane. 
Stannic chloride SnCl4 provides an example of a non-polar, 
non-planar molecule.It is found that A g - o 0*5 x 10 
and the anisotropy appears too small to support the pyramidal 
model of Bergmann and Engel, with ju. — 0*8.^^^ Taking the 
Sn-Cl distance as 2*36, and Cl-Cl as at least 3*0, an upper limit 
for the pyramidal height is found to be 0*95. For such a flat 
pyramid, the axis of greatest polarizability would lie in the 
plane of the four Cl atoms, and the anisotropy would be 
considerable. This argument therefore indicates tetrahedral 
structure for SnCl4. 

Ramanathan^’2 studied the scattering of light by molecules 
of hydrogen^ nitrogen and oxygen. Assuming spherical sym¬ 
metry, molecular radii were obtained in close agreement with 
the kinetic theory “ free path ” values. It was also found that 
the carbon atoms in benzene were arranged in a puckered 
formation. It would appear unlikely, however, that the 
spherical form of the first three molecules studied can correspond 
to reality, since they are of the dumb-bell diatomic type, whilst 
the conclusion about the benzene ring does not find confirmation 
in the X-ray evidence (see this VoL : i4Aa). 

An appreciable difference between X(expt.) and A'i(calc.), or 
a negative value of K, may be taken to indicate the presence of 
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polar molecules. Hydrogen chloride HC 1 ®® 2 , 363,364 ii'(expt.) 
= 575 (Na~D line, 760 mm., 18X), fi 1-034,22% == 
1-000447, r ^ 1-000435. Taking A =0-01, equation (33) 

gives Ki 0-15, so that K—K^ = 5-60 x 10 The 

positive sign of shows that the axis of greatest optical 
polarizability coincides with the internuclear line. Stuart and 
Volkmann®^® give 3*13, ^2 — ^3 ^ 2-39 x 10 24 
/^2 "" “■ Raman and Krishnan^^^ reversed the method of 

calculation, using Kerr constant data to deduce /x -- 1*04, in 
good agreement with experiment. Some interesting conclusions 
also follow by comparing equations (20) and (30), from which it 
appears that 61, & 2 ^^e proportional to the cube of internuclear 
distance for the four halides HF, HCl, HBr and HI. If this is 
accepted, it follows that the four molecules have equal aniso¬ 
tropies, the constants being ^ ^ 0-1004, A 0-0119. It is 
also found that the polarizabilities along the long axis are equal 
to those of the corresponding negatively charged halogen ions. 
Clark2’'»"> has thus estimated the Kerr constants of the four 
gases. 

Planar molecules having dipole moment are exemplified by 
hydrogen sulphide H2S,2^2 ^nd sulphur dioxide In each 

case, 62 63 are unequal, the direction of smallest polariza¬ 

bility 62 is at right angles to the molecular plane, and /x ^ /X3, 
;xi ^ o. For HgS, 61 = 4-21, = 3-21, 63 - 3-93 X 

10 “ 24 ^vith a small positive Kerr constant, suggesting that the 
molecule sets itself in an electric field with a direction of greater 
optical polarizability 63 along the field direction. SO2 has 

rrr: 5-49, ftg ^^2*72, 63 ^3-49 X 10 ~ 24 ^ with a negative Kerr 
constant, so that the dipole direction ftg is at right angles to the 
direction of greatest optical polarizability and the molecule 
sets itself with a direction of smaller polarizability ft 3 in line 
with an applied electric field. More accurately, perhaps, the 
difference in the two cases is shown by the relatively large 
&i—62 ii^ fh® case of SO2 as compared with H2S. 

Non-planar, polar molecules are represented by ammonia, 
NH3,26^ having a pyramidal molecule. The Kerr constant is 
positive, and the moment lies along the central axis of the 
pyramid, which is also the direction of greatest optical polariza- 
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bility. Assuming rotation symmetry about the central axis, 
the data give = b^ — 21*8, 63 = 24-2 x 10 

A large number of other cases have been studied, amongst 
which may be mentioned methyl and ethyl chlorides, methyl 
bromide, n-propyl chloride, ethyl ether and acetone. The sum¬ 
mary of results given by Stuart and Volkmann^^^ may be 
consulted for further information. 

The temperatui^e and pressure variation of the Kerr constant 
has been found to be in agreement with theoretical prediction 
in the case of gases, including carbon dioxide. The 
effect of changing wave-length (4,000 to 7,500 A.U.) has also 
been studied in this gas, the results being found to be in better 
agreement with the Langevin-Born theory than with that of 
Havelock (see equations (24) and (27) above.) 

(C) Results on Liquids. Liquids are generally easier to 
experiment upon than gases, but the interpretation of the 
results is much more difficult. This may be due in part on the 
experimental side to the effect of the presence of impurities, and 
on the theoretical to the difficulty of allowing for the complex 
interactions of neighbouring molecules. Hehlgans^®^ has shown 
that the deviations in the Kerr constant of nitrobenzene may be 
attributed to impurities, and that for the highly-purified 
substance Kerr's Law holds. 

When molecules of similar structure are compared, it is found 
that the Kerr constants increase regularly with increase in the 
values of + Pq, the sum of the atomic and orientation 
contributions to the total polarization of liquids. Thus 
Ebert,using measurements of Leiser, showed a progressive 
increase of the two numbers from para- to meta-, and from 
meta- to ortho-xylol ; also in the two series benzene, ethylbenzene, 
toluene; mesitylene, toluene, meta-xylol, associated with 
increasing asymmetry of the molecule. Examples may also be 
found in the aliphatic series of compounds : carbon tetrachloride 
and tetranitromethane have very small Kerr constants, unsym- 
metrical derivatives of methane as methyl chloride, niiromethane 
and acetic acid have much higher values, whilst those of 
methylene chloride and chloroform are increasingly negative. 
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The attempts to obtain more accurate relations for liquids 
will be considered quite briefly in view of the still tentative 
nature of many of the results. Considering non-polar molecules, 
the relation between the optical constants of a liquid and the 
depolarization factor A are uncertain, but if we may follow 
Raman and Krishnan,^^® we have a relation of the type (27), 
with iCg t), and instead of (28) and (33) 


' ■ Stt^N ■ 6-7^ 


• ••• (35) 


where is the isothermal compressibility of the liquid, and 


2j\TTr\ 


A 

6-7/1 


. (36) 


This equation was used by Raman and Krishnan^^® to compute 
B for non-polar liquids, and although the theoretical numbers 
proved to be of the same general order as the experimental, 
numerous deviations were found to exist. 

In the case of a polar liquid, the value of ^2 is no longer zero, 
and may be difficult to estimate, since the ellipsoid of the gas 
phase may be distorted. The most satisfactory theory proposed 
up to the present appears to be that of Raman and Krishnan,^®^ 
according to which 

^ .(37) 

4rA a 


where have the same forms as for gases (28), (29), but the 

a'% and 6’s have different meanings.^®® Using data obtained by 
experiments on the scattering of X-rays by liquids (see this 
Vol. : 16), it is sometimes possible to evaluate B. It is claimed 
that rather better agreement is obtained than by the use of the 
Langevin-Born theory. The significance of this modification 
appears to be that a molecule, itself anisotropic, is assumed to 
be surrounded by an anisotropic field of surrounding molecules, 
whereas in the Langevin-Born theory the surroundings are 
assumed to be isotropic. 

An interesting experiment was performed by McFarlan,^®^ 
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who replaced the crystal of a Bragg spectrometer by a liquid 
placed under a potential difference. The effect in nitrohenzenc 
indicated that not only does molecular orientation occur around 
polar centres, but also an irregularity in the spatial distribiition 
of the scattering centres is set up in consequence of the 
application of an external field. 

In this connection, it may be noted that Raman and 
Krishnan®®^ have suggested a modified Clausius-Mosotti 
relationship for liquids 



where and 6 involve the influence of the anisotropy of the 
medium on (i\ + P^) and Pq respectively. Further details are 
given in the original paper, de Mallemann®®^ j^^s also modified 
the Clausius-Mosotti formula. 

Wolf, Briegleb and vStuart^^^ examined the data for several 
liquids, and found that 9i!L/{e-|-2)‘^ increased in the same order 
as the IX s, in accordance with anticipation from a formula of the 
type (27). Negative Kerr constants were found for compounds 
containing NHg, OH, OCH3 and OCgH^ groups in aromatic 
compounds. These were explained in terms of angles between 
the valency directions from the N or O atoms, with consequent 
inclination of the permanent moment to the plane of the benzene 
ring. Raman and Krishnan had found earlier that the alcohols 
had negative constants, the permanent moment lying between 
55° and 90*^ with the direction of greatest polarizability. 

In studying the case of liquid mixtures, Briegleb®®^ introduced 
a molecular Kerr constant given by 



and assumed that an additive law of the type 

— Mk Cl -f- Mk C2 . (40) 

121 2 

should hold in cases where interaction between the liquids was 
absent. Departures from additivity, and variation of the 
molecular Kerr constant of the mixture with concentration 

420 




xra 43c] DIPOLES AND THE KERR EFFECT 

were attributed to mutual influence between the molecules in 
the case of non-polar liquids, and to association in the case of 
polar molecules. The variation of anisotropy on passing from 
gas to liquid showed that the dipole-free molecules C^He, CSg 
and C7H14 are similarly built, with the axis of greatest polariza¬ 
bility in the plane of the ring (CgHg) or in the long direction of 
the molecule (CSg, C7H14). Molar Kerr constants in heptane 
solution extrapolated to infinite dilution were smaller than for 
the corresponding vapours : thus in the same units, acetone gas 
and solution gave 55-8 and 36-2 respectively. This was 
attributed to formation of complexes between the solute and 
the solvent. Amongst other liquids studied in heptane solution 
were ethyl ether, chloroform, toluene and meXdi-xyloL 

In a further communication, Briegleb^®® divided liquid 
molecules into four types, as follows : (i) dipole-free molecules, 
which can orientate themselves mutually by the axis and plane 
of greatest polarizability; (2) molecules with polar groups, 
which may unite by virtue of their direction of greatest partial 
moment; (3) molecules which induce moment in other 

molecules, and so combine ; (4) molecules united by'' valency 
forces. The dipole-free molecules may be subdivided into 
(a) those with no polar group present, yet which can exert forces 
on each other, as carbon bisulphide, benzene, naphthalene, diphenyl 
and phenanthrene ; (b) those with polar groups, but without 
resultant moment, so that 9 ^ decreases with increasing con¬ 
centration by association of the type " ^as with Y>-xylol, 

p-dichlorobenzene. In the case of dipole molecules, 9 ^ 
decreases by increasing association with increasing con¬ 
centration, but 9 ^ may increase, when association is of the 

type-> -as with toluene and chlorobenzene, or decrease, 

when association takes the form TTf, as with acetone, chloro¬ 
form, and ethyl ether. The experimental results were in accord 
with this theory. 

Stuart and Volkmann®®’ have contributed to the subject of 
the molar Kerr constants of liquid mixtures. The of 
nitrobenzene at infinite dilution (5460 A.U., 20°C.) was found to 
be loi in benzene, 150 in heptane, and in x 10“^® in carbon 
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tetrachloride. There was also a variation with temperature in 
many cases not in accordance with the Langevin-Born theory. 
These deviations were attributed to association. The authors^®® 
have also considered the various avenues of approach to the 
problems raised by the association of liquids. It is found that 
molecular refraction is largely insensitive to association, and 
only changes by a small amount on passing from gas to liquid. 
The orientation polarization, however, is smaller for liquids than 
for vapours, due to reduction of moment by association. 
Neither molecular refraction, which measures mean polariza¬ 
bility, nor orientation polarization, which is concerned with the 
mean moment, takes account of anisotropy, and to this extent 
may be inadequate experimental guides. The depolarization 
increases with temperature for liquids, finally reaching the 
value for the vapour: the relatively smaller value for liquids 
may be attributed to association. The molar Kerr constants 
are also smaller for liquids than for gases, for which they are 
independent of pressure. It appears from this that deviations 
from expectation on the ground of the Langevin-Born equation 
may be attributed to association, but that no entirely satis¬ 
factory theory has yet taken its place. The Raman-Krishnan 
theory is found to be unsatisfactory, although Narasimhiah®’® 
has used it in the case of binary liquid mixtures with some 
success. 

An interesting calculation has been made by Otterbein,®®® 
which may be the forerunner of many further developments. 
Measurements on the Kerr Effect of dilute solutions were made 
in order to obtain the anisotropies of free molecules, assuming 
the additivity principle. It was found that the Kerr constants 
of the dichlorobenzenes could be predicted, by tensor addition, 
from those of chlorobenzene and benzene. If this can be shown 
to be part of a wider generalization, Kerr constants may be 
capable of calculation, as in the case of dipole moments, 
considered in this Vol. : 39AC (ii). 

An investigation of the influence of field strength by Hoot- 
man®^^ has shown that Kerr's Law holds to within about o-i% 
for pure, non-polar carbon bisulphide up to the highest fields the 
liquid could sustain. In polar liquids, ethyl ether and chloroform, 
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however, easily measurable deviations with field strength were 
found. 

(D) Results on Solids. In considering the Kerr Effect of 
solids, at least two complicating factors become of importance : 
(a) time lag, and (b) electrostriction. In his original experi¬ 
ments on glass, Kerr found that the double refraction required 
several seconds to attain its full value, or to disappear when the 
field was applied, or removed, respectively. Such an effect is 
not characteristic of liquids. It is connected with Debye's 

relaxion time " (see this Vol. : 31C, end). The formula gives 
times of the right order of magnitude in the case of viscous 
liquids. Electrostriction, or the setting-up of strains in the 
medium by the applied field, introduces double refraction, 
which may be difficult to disentangle completely from the Kerr 
Effect. Some progress has been made (see 

(E) The Cotton-Mouton Effect. The influence of a mag¬ 
netic field is analogous to that of an electric field, so that we 
may substitute H (strength of magnetic field) for E in the 
relations (23), giving Cotton-Mouton's Law. Treatment was 
given of the effect by Langevin and Born,^^® the equations 
taking similar forms, with magnetic in place of electrical 
anisotropies. Ramanadham^"^^ found the magnetic anisotropy 
larger amongst the aromatic than the aliphatic compounds, 
whilst the Cotton-Mouton constant C, which replaces B in (22), 
(23), is negative for saturated chain compounds and positive for 
unsaturated compounds containing the carbonyl group or a 
benzene ring. The lengthening of aliphatic chains without 
unsaturated bonds tends to increase negative and decrease 
positive birefringence.^'^^ The effects in benzene^ carbon bisul¬ 
phide, and nitrobenzene have recently been compared with the 
Langevin theory.The dissociation of nitrobenzene in carbon 
tetrachloride and hexane by dilution or heat becomes assisted, 
with corresponding changes in magnetic double refraction.^^’ 
Piekara^'^® has recently examined acetic acid and other fatty 
acids, and acetic anhydride, and has discussed the applicability 
of the Langevin formula, especially with respect to variations 
in temperature. As in the case of the Kerr Effect, Raman and 
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Krishnan^®^ have provided a modified treatment, based on the 
assumption of the anisotropy of the field around a molecule 
due to surrounding molecules in liquids. 

Oxygen gas under compression acquires a negative birefrin¬ 
gence in a magnetic field proportional to the pressure,®^® vsimilar 
results having been obtained on nitrogen,Liquid oxygen was 
shown in Onnes' laboratory at Leiden to have a strong magnetic 
double refraction (negative), an observation which has been 
recently confirmed. 

A magneto-optical method for the chemical determination of 
minute traces of metals, notably calcium, has been described by 
Allison and Murphy.^®® The minimum light intensity passes 
the second nicol of a Cotton-Mouton cell when it is set at o°, 
and it is claimed that the amount of rotation possible before the 
minimum disappears depends on the concentration of the 
compound in the cell solution, so that it is possible to detect 
traces of substances in parts per lo It is reported, however, 
that the method is unsuccessful, and even capable of yielding 
absurd results.^® This is also the general conclusion of Slack,®®’ 
who goes very carefully into the available evidence, and 
provides a list of 58 papers dealing with the subject* 

The magneto-optical effect in the case oi ferric oxide hydrosols^ 
discovered by Cotton and Mouton, has received much attention, 
notably by Heller.®®® Marshall®®® has also studied the orienta¬ 
tion of sol particles, but in an electric field. Substances obeying 
Maxwell's relation between dielectric constant and square of 
refractive index give a positive double refraction, that is, the 
direction of larger index of refraction turns to lie along the 
lines of force. In the case of substances which show deviations 
from the relation, it is usually the other way round, and the 
birefringence is negative [r^>rj, in equation (22), so that B is 
negative). The magnetic double refraction of iron arc smokes 
has also been observed.®®® 

(F) Conclusion, Attempts have been made by de Kronig®®® 
to treat the Kerr Effect theoretically from the standpoint of 
the new quantum mechanics on the basis of the dispersion 
theory of Kramers and Heisenberg. More recently, further 
analysis has been provided by Neugebauer®®® and Berber,®®^ as a 
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result of which it is found that the quantum mechanics, besides 
leading to the classical Kerr formulae, gives the anisotropy 
relation (26), but only as a limiting case. 

In addition to the summary of Beams,and others already 
noted, a paper by Stuart,giving an account of the general 
application of the Kerr Effect to problems of molecular 
structure, is worthy of perusal by those interested in this 
matter. The application to sulphur dioxide, ethers and ketones 
is explained in some detail. 

Investigations on the Kerr and related phenomena promise to 
throw much light on the anisotropic behaviour of molecules in 
optical, electric and magnetic fields. Unfortunately, the data 
on the experimental side are still meagre, and there seems to be 
a wide research field which will amply repay further study. 
Beams^"‘‘’ says : In the writer's opinion, there is an urgent 

need for more good experimental data on the Kerr Effect in 
both polar and non-polar gases and vapours, including its 
variation witli the wave-length of the light, temperature and 
density of the gas." After emphasizing the necessity of work¬ 
ing over the visible region into the ultra-violet, and examining 
temperature ranges near the point of liquefaction, he adds : 
" With these data eit hand, our hypothesis concerning the 
electrical and optical anisotropy of individual molecules can be 
rigidly tested : also an insight into how they interact with each 
other in forming a liquid will be obtained." 

Summarizing, in the case of non-polar molecules, anisotropy 
(lack of equivalence of properties in different directions), leads 
to an orient alive couple exerted on them, originally in random 
distribution, and introduces the effect of double refraction. 
When polar molecules are considered, the orientative couple 
may be attributed in part to the presence of permanent dipoles, 
the contribution made to the Kerr constant K 
varying in different cases, and throwing light, by its positive 
or negative sign, on the lie of the electric dipole with respect to 
the axes of the polarization ellipsoid. The Kerr constant tends 
to increase with increasing asymmetry, and affords evidence of 
the polarity of molecules in good general agreement with 
conclusions reached on independent grounds. 
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CHAPTER XIV 


MOLECULAR FIELDS 
44. Historical Introduction 

The present chapter contains a brief review of methods which 
have been found useful in considering "the problem of the 
various forde-fields operating between molecules. A few intro¬ 
ductory remarks on the important issues raised by treatment 
by the new quantum mechanics are made in Section 47 below, 
no serious attempt being made to deal with the subject in this 
place (see Vol. 3: Chapters XII, XIII, XIV, XV). 

The deviations of gases from the requirements of Boyle’s Law 
at high pressures and the phenomena associated with their 
condensation into liquids require the postulation of an attractive 
or cohesive field between molecules even where permanent 
dipole moment is absent. Historically, there have been four 
leading methods of approach to the problem of molecular fields, 
which may be referred to as (i) the “ classical ” treatment, 
(ii) the van de Waals method, (iii) the method of " intrinsic 
repulsive ” fields, and (iv) the treatment of the new quantum 
theory. The classical treatment was statistical, and was con¬ 
cerned with the probable distribution of-molecules, van der 
Waals assumed the molecules of a gas to be hard impenetrable 
spheres of finite and invariable molecular diameter, and found 
a shortening of the mean free path leading to the expression 
P — RTj{V — h) for the pressure P, where b represents the 
fourfold molecular volume. To the right side of this equation 
the quantity —ajV^ was added, where a is the “ van der 
Waals’ constant ” for the gas. The latter correction was made 
as an outcome of certain general considerations drawn from 
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Laplace’s theory of capillarity. This led to the familiar 
relation 


.(') 


which was found accurately to reproduce the isotherms of a 
gas-liquid system. The equation is not, however, strictly 
applicable to liquids. The third method of treatment involves 
tlie assumption that in colUsion a pair of molecules come within 
the range of each other’s repulsive fields, which operate over a 
very thin shell surrounding the boundaries of the molecule. 
This means of attack upon the problem has been used by 
several authors, notably by Lennard-Jones (see Vol. i: 19A, 
33A). The assumption involved may be expressed by means 
of the equation for the force F between two molecules :— 


F ^ 


a h 


(2) 


where a, b are constants for a given gas, m, n are the exponents 
of the attractive and repulsive forces respectively {n>m), and 
d is the distance between the centres of the molecules. The 
van der Waals model may then be viewed as one in which n is 
very large. It has been found that n = 15 accounts for the 
physical properties of certain gases. 


45. Attractive and Repulsive Fields 

From the experimental result that the refractive indices and 
dielectric constants of gases are greater than the corresponding 
quantities for a vacuum, it becomes necessary to suppose that 
the electrons of which atoms are composed are movable under 
the influence of light or an applied electric field, yielding induced 
polarization. This will happen in a similar way when one 
molecule enters the field of another. 

A molecule without permanent moment sufficiently far 
removed from other molecules and all polarizing agencies may 
be supposed to be so constituted that the centres of gravity of 
positive and negative charges accurately coincide. Let another 
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molecule of the same kind approach this isolated molecule in 
such a way that their fields begin to exert mutually polarizing 
effects. The potential energy of a dipole induced by a field F 
does not vary as F, but as (see Appendix 2(b) at end of this 
chapter), so that a computation of the '' average squared '' 
field F^ will lead to an expression for the potential energy 
between any two molecules in the case where a large number of 
molecules are present, as in an actual gas. Moreover, although 
the net effect of all molecular fields is zero, it is found that F^ 



FiGiTRE LXXXVni. —Interaction of Two Dipoles on Approach. A 
lepresents the case where tlie two fields are oppositely directed ; B where 
they are in the same direction. 


does not vanish as F' does owing to chance orientation. Thus 
the interaction of two dipoles gives rise to an attractive term, 
whatever their orientation. This leads to the observed force of 
attraction between gaseous molecules. 

This suggestion regarding the origin of the van der Waals 
cohesive force was made by Debye,^ with the following 
illustration. Let A in Figure LXXXVIII represent the end-on 
approach of two dipoles in such a way that the fields of the two 
are oppositely directed. There is a repulsive force therefore 
between them which tends to shift the individual charges in the 
directions of the small arrows. The dipole distances and there¬ 
fore the dipole moments are reduced, so that the repulsion is 
decreased, which amounts to the presence of a subsidiary 
attractive force. In B of Figure LXXXVIII, the dipoles 
approach in such a way that the force between them is one of 
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attraction, and the fields are in the same direction, causing 
shiftings of the charges constituting the dipoles in such a way 
that their dipole moments are increased. Thus the force of 
attraction is further increased by interaction. It therefore 
happens that in all cases there is an attractive effect, by inter¬ 
action between two dipoles tending to decrease repulsion or 
increase attraction as the case may be. The argument may be 
extended to the more general case of the approach of dipoles at 
any angle. 

The theory gives an explanation of the cohesion of the inert 
gases. Helium is the most difficult of the series to liquefy, 
because its atom is the smallest and therefore the least 
polarizable. Hydrogen is correspondingly difficult to condense. 
The behaviour of diatomic homopolar gases has been explained 
by Keesom^ as due to the presence of polarizable molecular 
quadnipoles, at any rate for high temperatures and ‘diluted state. 
The Bohr model of a liydrogen atom assumes an electron to be 
rotating in orbital motion about a positive charge of equal 
magnitude to that of the electron. Such a model finds an 
electrostatic analogy in a rod equall}^ and oppositely charged at 
opposite ends, representing a dipole. A Bohr model hydrogen 
molecule assumes two electrons, opposite to each other in the 
same orbit, revolving midway between the two positive charges. 
There are then four charges in the molecule, which may be 
regarded as forming two dipoles so situated as to compensate 
their electric moments and to constitute a quadrupole. Two 
such molecules on approach may then be supposed to direct 
each other in such a way that attractive forces arise as in the 
cases considered by Debye. 

Langmuir's classification of the effects of the force-fields of 
molecules is noted elsewhere (Vol. i: 33I)). 

A molecule whose field is entirely attractive seems artificial, 
because some repulsive force must balance the attraction. 
vSuch a field may be supposed to operate mainly at very short 
distances, the exponent of the repulsion potential being large. 
The origin of the repulsive field is not so easily understood as in 
the case of attraction. In the case of a Bohr hydrogen atom, 
it is possible to conceive of the electron as equivalent in effect to 

437 



THK FINE STRUCTURE OF MATTER [XIV 46 

three hypothetical half-charge negative particles and one half- 
charge positive particle (Figure LXXXIX).^ This arrange¬ 
ment is equivalent to a negative electric field (due to —le, 
associated with a pulsating field produced by a rotating dipole 
(due to —je, The action of such a time-variable field 

lias been shown to result in an average repulsive force being 
exerted on an outside electron (Debye). Such considerations 
offer some help in understanding the origin of repulsive 





Figure LXXXIX.—Illustration of the Possible Origin of the 
Repulsive Field of the Hydrogen Atom. 


molecular fields, but a better explanation arises in the new 
quantum mechanics (sec this chapter : 47). 


46 . Applications 

It is found that, in tlie case of an inert gas atom outside a 
crystal of NaCl type (Vol. i : 33A) considered by Lcnnard- 
Jones, the van der Waals' force preponderates over the electro¬ 
static force at considerable distances. Thus it may be assumed 
that the process of adsorption of the inert gas atom at the crystal 
surface may be explained by the atom being picked up by the 
van der Waals’ force and so brought within the region where 
the strongly attractive electrostatic field predominates. 

The treatment of the molecular field adopted by Lennard- 
Jones, based on an equation of the type (2), accounts for the 
deviation of gases from the ideal laws. Moreover, the values of n, 
the repulsive exponent, can be applied to ions similar in 
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vStniclure to the inert gas atoms, valuable information being 
thereby obtained as to the lattice energies of ionic crystals.^ 

The values of the van der Waals' constant a in equation (i) 
are found to be approximately constant for isomeric organic 
substances.^ Where substances of different molecular weight 
M are compared, it is found that tlie function increases 
with increasing molecular asymmetry. Thus the value of this 
function for ethane (CH3CH3) is 9*7, and for methyl alcohol 
(CH3OH) and methyl acetate (CH3COOCH3) 19-6 and 82*1 
respectively. Further relations in this connection have been 
traced by van Liempt.^’ 

Molecular fields have been studied specially in relation to the 
variation of the viscosity of a gas with temperature. Maxwell 
found that the viscosity is independent of density, but varies as 
the square root of the absolute temperature. The latter 
relation is not fulfilled, and Sutherland’ proposed an improved 
formula for viscosity in which 2 '^ was divided by i + {CjT), 
where C is a quantity directly proportional to the work required 
to separate two molecules of the van der Waals’ type from 
contact to infinit}/, and therefore closely akin to the constant 
a in equation (i).® It is found, however, that this correction 
fails to represent the facts for many gases at low temperatures, 
and does not apply to helium at any temperature. Maxwell 
realized that the difficulty lay to a large extent in lack of 
allowance for the effect of molecular fields, dire problem has 
been largely solved by Enskog,® Chapman’® and Lennard- 
Jones.” It is shown by the last-named author that all the 
known facts can be accounted for, at any rate qualitatively. 
This w^ork has emphasized the necessity of considering both the 
attractive and repulsive fields in kinetic problems. 

It is necessary to take molecular fields into account also in 
relation to the dispersion of light. Debye's theory of dispersion 
for the hydrogen molecule is based upon a periodic disturbance 
of the motions of electrons in Bohr orbits under the influence of 
a light beam. The theory has been tested by Kirn,^^ 
found deviations which become specially marked for shorter 
wave-lengths. A large number of attempts have been made to 
improve the theory. 
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According to Rayleigh's theory of scattering, for a beam of 
Txnpolarized light, the scattered light is partly polarized, 
yielding two components, of equal mean intensity. The theory 
has been subjected to careful investigation by Strutt,^^ and 
Cabannes.^^ The condition of equal intensity appears to be 
accurately fulfilled for argon and neon, but there are wide 
departures in the case of helium. 

By a somewhat more complicated procedure than tliat of 
Rayleigh, the formula for the depolarization factor A is obtained 
(see equation (26) of Cliapter XIII).Molecules whose pro¬ 
perties are the same in all directions have A o, and are 
isotropic. Anisotropy may therefore be measured in terms of 
this number. The following shows values of the ratio A, some 
of which, however, may not be very accurate :— 


0-02 2 

1 

A 0-00 i N., 0*0^7 

..“ 

CAL, 0-32 

KG’) o-02(> 1 CO 0-017 

Ho 0-42 

j 

Ncc^o-oi 1 0., 0-064 

i 

Cftllg o-()6 

N„0 j CO.J 0-098 

1 


It is surprising that helium should show so great evidence 
of lack of electrical symmetry. The deviations of the values 
for pairs of isosteres nitrogen, carbon monoxide and nitrons oxide, 
carbon dioxide are also striking.^ Molecular asymmetry cor¬ 
responds to asymmetry of external field. 

Returning now to polar crystals, we recall that the work on 
atomic structure factors (Appendix to Part I, especially 
references has confirmed the ionic structure postulated by 
tlie Braggs. Born and Lande,^^ using an equation of type (2), 
deduced that the lattice energy of a crystal U should be related 
to the repulsion exponent n by an expression which for uni- 
uniwalent crystals reduces to— 

('-:,).® 

where A is Madelung’s constant. The compressibility of a 
crystal jS is then given by 

- _ 2-829 X 
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Slater^® measured the compressibilities of eleven alkali 
halides, and so obtained values of n. In his calculations of 
atomic radii, Pauling^® derived an expression for the 
dependence of radius on the valency of an ion, involving n (see 
Vol. I : 19C). These researches, in conjunction with the work 
of Lennard-Jones, have led to w 9 for many ionic crystals 
(perhaps the lower value n ^ applies to helium-like ions). 
This matter is more fully dealt with in another connection, so 
that it may suffice here to refer the reader to the summary by 
Sherman®® for further information. 

London®^ found that the van der Waals’ potential might be 
represented by an inverse sixth power term. It has been found, 
further, that the polarization in an ionic lattice is roughly of 
the same magnitude as that due to van der Waals’ force, 
involving The theory was applied to potassium chloride. 

Born and Mayer®® have evolved an improved theory, in which 
the repulsive potential is expressed, not as an inverse power, 
but as an exponential function of lattice distance, in which the 
Coulomb, van der Waals and repulsive energies are taken into 
account. The expression obtained involves two constants for 
each ion, from which it is possible to calculate lattice distances 
of alkali halides within the probable errors of experimental 
determination. The formula was applied by Mayer and 
Helmholtz®^ to the calculation of the lattice energies of alkali 
halides and the electron affinities of the halogens with con¬ 
spicuous success. The work has been extended to the lattice 
energies and distances of silver and thallium halides.^^ It is 
found that there is some homopolar bonding in AgBr, whilst in 
Agl the homopolar potential accounts for 10% of the total 
lattice energy. Similarly, for the cuprous halides, and 
particularly for the iodide, homopolar bonding is present. It 
has also been possible to account for the superior stability of the 
cube-centred cubic lattice of cccsium chloride, bromide and 
iodide, Evjen®® has carried out a new analysis of Slater's 
compressibility data, as a result of which it is found that 
interionic repulsive forces may be calculated either by an inverse 
power or exponential law. 

Pauling®® has assumed the presence of covalent links in cases 
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where bonding energies are found to be additive : in such cases, 
the dissociation energy of XY will be the mean of those of Xg 
and Yg. It is found that hydrogen chloride^ bromide and iodide 
are mainly covalent (homopolar), sodium and potassium 
chlorides are ionic, whilst hydrogen fluoride and the alkali 
hydrides have intermediate character. Similarly, departures 
from the rule of additivity for interatomic distances may 
indicate polar union, as in the case of potassium chloride, for 
which d ^ 2-65, whilst additivity gives 2-93 A.U.^® In this 
connection, it may be of interest to note that additivity of 
internuclear distances has been found to hold very well in the 
case of gas molecules, as deduced from band spectra, except for 
metallic molecules such as lithium Lig.^^ The band spectro¬ 
scopic data gives the distance Li-Li as 2*67, whilst twice the 
radius of Li, as deduced from crystals, is 3*00. This may 
perhaps be connected with a kind of linkage in metallic gas 
molecules, perhaps of van der Waals' type, different from the 
covalent linkages which give agreement with crystal data and 
the additivity rule. 

The presence of semi-polar bonds, where both electrons for a 
link are provided by one atom, is generally indicated by high 
dipole moment, as in the cases of diphenyl sulphoxide and 
sulphone?'^ See, further, this Vol.: 27Ab, and 

Rice®^ has calculated the attractive potential in metals of the 
alkali and alkaline earth group, on the assumption of the presence 
of positive ions surrounded by electrons, and has deduced heats 
of sublimation in satisfactory agreement with experiment. 
Further information concerning linkages in metals will be found 
in Vol. 1: 33D. 


47. Note on the New Quantum Mechanics 

The fundamental conception of the new quantum mechanics 
arose in the work of de Broghe. It was found that a particle 
of matter in motion was mathematically equivalent to a group 
of waves. Certain experiments of Davisson and Germer and 
of Thomson have suggested that electrons behave like wave 
motion, for example, in reflection from a nickel surface (see this 
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Vol. : 49 and Vol. 3: 55F). The development due to 
Schrodinger was the introduction of a fundamental wave 
equation, by means of which, without any empirical data, it 
became possible to calculate molecular and spectroscopic con¬ 
stants with accuracy. The theory embodies the conception 
that atoms and molecules possess a continuous structure, 
represented by a variation in density of electric charge at 
different distances from the nuclear centres, so that contours of 
equal electron distribution may be drawn. The electron 
distribution within a given small element of volume dV may 
be regarded as proportional to the time spent by an electron 
in that volume, determined by considerations of probability. 
The idea, due to Bohr, of electrons moving in orbits is aban¬ 
doned, the quantum emission of radiation by atoms and 
molecules being regarded as the result of energy distribution 
changes throughout the whole systems. An isolated atom or 
ion has a spherically symmetrical electron contour distribution 
about the nucleus as centre, the charge distribution falling to a 
small value at a certain distance corresponding to the “ radius 
of the atom or ion, but extending, at least theoretically, in all 
directions to infinity. It is possible, by means of the theory, to 
consider the interaction of two systems, say two hydrogen 
atoms to form a hydrogen molecule. 

The conception that ions with completed sub-groups of 
electrons are spherically symmetrical has replaced Born's idea 
that repulsive forces may arise from interaction of electric 
moments between two particles. According to the newer view, 
mutual interpenetration of ions introduces repulsion between 
their nuclei. Born's polarization formula E e‘^aj 2 d^ (see 
Appendix to Part II: 2(b) ) seems to be only an approximation, 
and to be particularly inaccurate at small distances of approach 
of two interacting fields. In the case of interaction of a proton 
with a hydrogen atom, for example, the new quantum mechanics 
gives smaller energy E values than those deduced by Born's 
formula. Pauling^® has even expressed the view that better 
results are obtained by neglecting polarization in molecular 
structure than by using Bom's relation. 

Heitler and London®’ attempted to calculate the bonding 
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energy of the hydrogen molecule by the interaction of two 
atomic wave-functions (Vol. 3: 54F, 55C). James and 
Coolidge^ appear to have effected an improvement in the 
method by introducing a molecular wave-function, in which the 
idea of separate atomic functions loses its meaning. At the 
moment, our purpose is to do no more than state that it is 
possible to calculate molecular constants by the wave-theory of 
atomic structure with considerable accuracy. For example, 
Hylleraas treated the lithium hydride polar lattice by the new 
methods and, without the introduction of any empirical data, 
calculated the lattice energy of LiH as 219 Cal., as against 
218 Ca]., obtained by the use of a Born cycle. 

It is important to observe that the results are obtained from 
a consistent mathematical theory, starting from first principles, 
independent of assumptions made in earlier attempts. The 
analysis is unfortunately very difficult, and has so far only been 
applied in relatively simple cases. Its initial achievements, 
however, justify the belief that the method of argument 
involves the most valuable means of approach to the problem 
of molecular fields so far discovered. Although from some 
points of view it may be desirable to retain orbital atomic 
models, the new theory has already provided a deeper insight 
into problems of simple atomic and molecular structures and 
of interacting fields than has been reached at any time in the 
past. 
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APPENDIX TO PART II 


POTENTIAL ENERGIES OF DIPOLE SYSTEMS 
(i) General (Figure XC). 

According to the Coulomb Law (equation (i) of Chapter X), 
the force / between two particles carrying equal charges e of the 
same sign in air (c — i) is given by / == If the charges 

are equal but unlike in sign, as in Figure XC, the force is 
y" (^-^e){—e)lr^, so that 



-e 


+e 




oo 


-f-_r--^ 

Figure XC. —Interaction of Two Opposite Charges. 


Thus attractive forces are reckoned negatively (repulsive forces 
positively). The potential energy J in the attractive case under 
consideration is measured by the work W done hy the force in 
bringing either charge in the figure from an infinite distance to 
within distance r of the other, but with sign reversed. Suppose, 
therefore, that one of the charges is moved through an 
infinitesimal distance dr by the force /; the work done is f.dr, 
so that 





L-->- >'■ 

- -Bi,- [-a 




whence 
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The field at distance r from charge +e is given by putting = i 
in the expression / = since the intensity of field is measured 

by the force on unit charge. This gives for the field 



(iii) 


The potential of the field, or work done on unit charge in bringing 
it from infinity to distance r is then given by a similar integration 
to the above as e/r. 


(2) Ion and Dipole (Figure XCI). 

(a) Rigid Dipole. Let a dipole of moment m and dipole length 
2s be considered in relation to a charge placed along the axis 



i^e 


r 




Figure XCI.— Interaction of Ion and Dipole. The case considered is 
that of the centre of the ionic charge lying on the line of the dipole axis. 


of the dipole produced at a distance from its centre r, as in Figure 
XCI, with the negative end of the dipole lying towards the positive 
ion, so that the force of attraction predominates. The pole 
strengths are given by --m/25. Then it follows that the 

net force / is given by 



If, now, s is very small compared with r, neglecting the second 
term in the denominator, 


/= - 


zme 


(iv) 


whence the potential energy J of the rigid dipole in the field F is 
given by 

me 


, C*' 2 me , r^ml 


whence, using (iii) above;, 

7 = 


-mF 

449 


(V) 









THE FINE SfHlTCTURE OF MATTER 


where m must be replaced by mcosO, if the dipole axis lies at an 
angle 0 with the direction of the field. 

In accordance with (iv), the force between a dipole and a charged 
ion varies inversely as the cube of the distance separating centres. 

(b) Induced Dipole. Imagine now that the dipole in Figure 
XCI was originally induced by the charge e. In this case, the 
potential energy will be different, since energy is used in deforma¬ 
tion whereby the dipole arises. Let a be the polarizability of the 
atom or molecule in which the dipole is induced. Then it is 
assumed that m ~ aF (see equation (4) of Chapter XT), so that 
m is given, using (iii), by 

ae 

W = ^2 . (vi) 


Application of the Coulomb Law will then lead to equation (iv) as 
in the case of the rigid dipole, so that, combining (iv) and (vi), 
the " quasi-elastic forceis given by 


/i = - 



(vii) 


so that /i varies inversely as the fifth power of the distance between 
centres. The corresponding potential energy is found by 
integration : 

^ J 00 ^ iL2yH=r 


ae^ 


me 


2r* 2r^ 


so that 


= —mF 
2 


(viii) 


The net potential energy ^2 induced dipole is the 

difference between the energy of the rigid dipole and the energy 
necessary to set it up, whereby Jz = J — Ji> so that, by (v) and 
(viii), is numerically equal to as given by the last equation. 
Since m — aF, and e = may be expressed in the following 

ways : 

JTg —mF/2 —m^l 2 a = —aF^j 2 ^ —em/ 2 r^ 


(3) Two Dipoles in Line (Figure XCII). 

Let two dipoles lie end-on, as in Figure XCII ; required the 
potential energy of the system, in terms of the distance between 
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centres f and the moment m. The case considered is that of two 
exactly like dipoles. The force acting is given by a Coulomb 
summation : 


/■ 


r2 

[_r 


1 r 

y ^ .2 L 


— 6r^s'^ + 2s^ " 

y6 _ 


I I 

f S')2 (r —s)2 

which leads, neglecting the second terms in numerator 
denominator, to the following expression : 

6 m^ 

"1^4 . 


f 


and 


(ix) 


This gives the law of force between two dipoles as varying as the 
inverse fourth power of the distance separating their centres. The 



Figure XCIT.—Interaction of Two Dipoles. Case I. Dipole axes 
lying along the line of centres. 


corresponding potential energy is given by integration as in 
previous cases by the relation 


2 m^ 


(X) 


When the dipoles are unlike, of moments Wj, Wg the corresponding 
expression is found to be —2m^m2lr^, In the still more general 
case where the dipoles are unequal and arranged at angles ^1, 62 



Figure XCIII.— Interaction of Two Dipoles. Case II. Dipole axes 
inclined to the line of centres at angles 6 i, 6^. 


to the direction of the line joining their centres, the expression is 
in the attractive case (Figure XCIII) : 

J —--^-3-'{sin^isin^a — 2cos^iCOs^2). 
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The case 6 ^ ■-=■ o®, 8 ^ = i8o° then leads to the end-on position of 
Figure XCII, putting m = == equation (x) is obtained. 

Further calculation on the same lines shows that more sym¬ 
metrical arrangements of charges as in quadrupoles and octupoles 
give laws of force which vary as higher powers of the distance r. 


(4) The Water Molecule (Figure LXXXVI). 

Let the triangular model of the water molecule shown in Figure 
LXXXVI represent the structure, with the oxygen atom carrying 
charge —2e at the point O, and with the two hydrogen atoms H 
at distance r from 0, each atom carrying charge at distance s 
apart. Then the dipole axis lies along OK, with the negative end 
towards the two hydrogen atoms. Let a moment be regarded as 
positive if it points in direction from O to K. 

The natural dipole of the model corresponds to a charge — ze 
at O and ze at K. The moment is 2^.OK — zercosB. The 
induced dipole (in the opposite direction) is given by ~aF == 
zc 

—a . cosS, since the field is ejr^ along each limb of the model. 
The total moment is then given by 


^ zea 
jjL = zercosO — 


(xi) 


The procedure is next to evaluate the potential energy /, and 
use the condition for stability that this shall have a minimum 
value. J is given by 


/ = - 


ze"^ ze^ e^ 
r 5 


aF^ 

z 


using one of the expressions for the potential energy of an induced 
dipole as derived under (viii) (p. 450), From this, since s = zr^mB 
and F “ zecosB/r^, it follows that 


J- 



-f cos®^ 

2sin^ 


’] 


whence, by differentiation, 


dj 

dO 


r 

— COSOT 

2r L 


I 

sin^ 



The condition for minimum potential energy is = o, so that 
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EITHER cos9 ~ 0 (corresponding to a linear symmetrical model 
previously ruled out), or 

^3 

sin^d -= . (xii) 

This condition evidently corresponds to a triangular model 
having permanent moment. Since sin^ must lie between the 

a I 

limits 0 and i, the condition -o>o rnust be satisfied. 

The next step involves the introduction of the moments of 
inertia of the molecule about the X and Y axes, written and ly. 
At O, there is a mass W2 — i6a due to the oxygen atom, and at 
the ends of the limbs masses ^ a due to the hydrogen atoms, 
where a is the unit of mass, so that the mass of the water molecule 
on this scale — i8a. By the condition of moments, 

wj. = where OC — I, CK == n, giving n = 8/ (Figure 

II 8 

LXXXVI). This yields / (l~\-n) ~'^r.cos 9 , and « ~ ^(/+^0 

8 

=-~rxos9. The moment about the X axis is then + 

= 2 a{Sl^ + n'^) by the definition of moment of inertia, 
whence, substituting the above values of I and n, it follows that 


1 ^ ~ r^cos ^9 . (xiii) 

y 

Further, ly is equal to 2 w^{sl 2 Y, so that 

ly = 2 arHin ^9 . (xiv) 

Dividing (xiv) by (xiii), it is found that 

8 4 

. (XV) 


Eucken (ref. of Chapter XIII) gave the following values of the 
three moments of inertia of the water molecule : = 2-25 X io“^®, 

1 2 = O'QS X10 /g = /1+/2 == 3-2 X10"^®, wherecorresponds 
to rotation about the centre C in the plane of the paper. Uncer¬ 
tainty then exists as to whether (a) and ly ~ /g, or 

(b) /x = ^2 ly = -^1- Substitution of Eucken’s values gives 
(a) 9 = 32° ; (b) 9 = 55°. Debye favoured the former alternative 
by the following argument. 
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Eliminating a between (xi) and (xii), 

u zer cosd 1^— „ 1 

^ 18 sin^ej 

whence for (a) d — 32°, 

= 0-131 . (xvia) 

and for (b) 6 55"", 


£y = 0-443 . (xvib) 

Now from (xiii) and (xiv), using sin^^ + cos^^ :=r i, 

8/y + glx 

r" - Tba: " 

whence substituting a mass of hydrogen atom -- 1*66x10”^^ 
gram, for case (a) 


r —1*07x10'® . (xviia) 

and for case (b) 

r = I *02 X10 ® . (xviib) 


These values of r are now substituted in (xvia) and (xvib) 
respectively, giving 

/Lt = I *34 X10" . (xviiia) 

and 

fji = 4*32X10"^® . (xviiib) 


The former value corresponds more closely to experiment (Joiia 
found 1*87x10“^®). The values of a may now be obtained from 
equation (xii) and hence the polarization P can be calculated by 


means of the relation P = 
give the following values : 


47 r 


Na. The two possible models then 



e 

r 

a/a® 

p 

p 

Case (a) 

32" 

1-07 X io“® 

0*848 

2*64 

i*34X io“i® 

Case (b) 

55" 

I *02 X I0~® 

0*227 i 

1 ! 

0*617 

4*32Xio~“ 


Wasastjerna gave Pq- - = 4*06, hence it is concluded that the 
hydrogen atoms enter the outer shell of the oxygen atom. Similar 
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models arc probable for hydrogen sulphide, sulphur dioxide and 
ethyl ether. 

(5) The Ammonia Molecule (Figure XCIV). 



Figure XCiV. —Structure of the Ammonia Molecule. 


A calculation similar to that carried out above leads to the 
following expression for the moment of the ammonia molecule : 





--F- - -+ “ cos*e 

3V3 smff 2y» 


(xixa) 


This leads to the alternatives : cos^ — o, yielding a plane model 
without moment, therefore rejected ; and 


sin^e — 


3V3 


^3 

a 


(xixb) 


which corresponds to a pyramidal structure shown in Figure 
XCIV. The hydrogen atoms are at A, B and C. 


(6) Two Equal Dipoles Set at an Angle ^ (Figure LXXXVl). 

Let us consider two moments /x' == r acting at an angle <j) ~ 2d, 
the resultant acting along OK (Figure LXXXVl). Then, 
neglecting induction, the resultant is 2/x'cos^ = 2^'cos^/2 == 
2/x'\/(i+cos^j/2, whence 


== /x'V2(l+COS<^) 
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(7) Three Equal Dipoles Set at an Angle 0 (Figure XCIV). 

Let three dipoles of moment /lc' = r act along NA, NB, NC in 
Figure XCIV, mutually inclined to each other at an angle B, and 
let the sides of the triangle ABC be represented vectorially by 
moments equal to a. We have 


BK = -BD == - VBA 2 -AD 2 = ^ 


2 

-a- = 

4 3 


3 ^' 

4 


a 
V 3 


Further, NK BK^, so that the resultant moment 

along NK is 




Now 


so that 


sin- 


= 3 v 


e AE 


(xxi) 


2 

-- j. 

4 /x 


' AN 


a 

2/x' 


= sin-^- = 


B i—cosB 


whence 

rt* = 2ja'*{l—COS^) 

Substituting this value of a* in (xxi), 

~ ' /S—2(l—COS0) 

^ 3 /^ V- 3 -- ^ 

whence 


(xxii) 


I+2COS^ 


/*=■■=/^V3(i+2C0S^) . (xxiii) 

Induction is neglected in the above argument. 


( 8 ) Example of Calculation of Moment (see 
Engel, ref. ““ of Chapter XIII). 

Bergmann and 

(I) 

(2) 

(3) 

( 4 ) 

/Ph 

/PhCl 

/PhCl 

/ 

/ 

/ 


OC B 

OC 6 

OC B 

PhCl 

\ 

\ 

\ 


\Ph 

\Ph 

\PhCl 


Benzophenone 

/i (Expt.) 

^-chloro- 

benzophenone 

p. ^'-dichloro- 
benzophenone 

chlorobenzene 

xio^* 2'95 

270 

1-64 

1-56 
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Let us calculate the moment of (2) = /xgi assuming moments of 
(i), (3) an I (4) = /xj, /X3, respectively. 

Considering the molecule (2), we have 

Ml^+/^4H2/ii/X4COs|. (xxiv) 

Assuming /xph = 0, and angle 6 is constant, 

e , , 

/X3 = 2/i4COS^4"/>ti (xxv) 

Whence, combining (xxiv) and (xxv), 

P-i = VPtl^+PiPa . (xxvi) 

Inserting = 1-56, = 2-95, /i, = 1-64, (xxvi) gives /x/ = 

7-27, as against experimental value = 2*70^ = 7*29. 


R 


457 







LIST OF AUTHORS CITED IN REFERENCES 

r I to IX; Part I \ 

Chapters ^ X to XIV: Part II I of Volume II. 

[ XV to XVIII: Part III j 

Notes .—Roman numerals refer to reference lists, other numbers to references 

in lists. The symbol H denotes Head of list, where a book is cited. App.” 
refers to the reference list to the Appendix to Part I on page 214. In cases 
where two or more authors have the same name and initials, separate 
classification is not adopted. AVhere the same author gives different initials 
in different papers, he may appear more than once in this list. A complete 
list of names in the subjects treated in this volume is obtained by combining 
the list below with the names in the three works mentioned in the Preface to 
Volume II (page xxi). 


Abadie, P. XIII: 218. 

Abegg, K. X : 76. 

Aborn, R. H. VIII : 219. 
Acharya, D. P. XVII: 115. 
Adam’N. K. VIT : 138. 

Adkins, H. XlII: 172. 

Ageew, N. VIII : 26. 

Agostini, P. VIII: 207. 

Akerlof. G. X: 117. 

Albertson, W. XVII: 157. 
Albrecht, O. XIII : 173. 

Albright, J. G. V : 92. 

Allard, G. V: 99; XIII : 114, 

120, 

Allard, R. P. XII : 74 ; XIII : 
47 - 

Allen, C. W. XVII : 88. 

AUen, J. F. VIII : 104, 

AUgeier, R. J. X: 100, 185 ; 

XIII: II, 26, 230. 

Allison, F. XIII: 385. 

AlHson, S. K. App : 61 ; XVIII : 
6. 

Allolio, R. VIII: 121. 

Ally, A, V; 78. 

Almin, A. IV ; 12; VIII: 31. 
Alsentzer, H. A., Jr, V ; 114, 
Alston, N. A. App.: 34. 


Amaldi, H. XVJ : 46. 

Aminofi, G. II : 27. 
van Amstel, J.J.A.P. VIII : 162, 
163. 

Amy, L. XVI: 71. 

Anderson, B. W. VIII : 22O. 
Anderson, H. V. V : 161. 

Anderson, W. X : 240. 

Andrade, K. N. da C. VIII : 126. 
Andress, K. VI: 103. 

Andress, K. R. V : 122, 123 ; 

VII : 106, no. 

Andrews, H. L. X : 24. 
Angelescu, E. XIII : 270, 274. 

V. Angerer, E. XVI ; 57. 

Angus, W. R. XI : 28. 

Anthony, R. B. X : 168. 

V. Antropoff, A. IX : 2. 
van Arkel, A. E. VI : 26 ; VIII : 
25, 162, 163 ; IX : 24 ; XII : 
42 ; XIII : 37, 46, 108, 225. 
Arm, M. V : 158. 

Armstrong, Alice H. App.: 48, 
57 » 79 , 83. 

Armstrong, E. F. XIII: 278. 
Arnfelt, H. Ill: 36; IV: 42. 
Amot, F. L, XVI: 34. 

Arrhenius, S. VIII: 86. 


XXXVll 



UST OF AUTHOM 


Asche, T. XIII: 293. 

Astbury, W. T. 1 : 2, 5; VII: 
106, 130, 136, 142, 143, 

144, 145, 147, 150, 153. 

Astin, A. X: 51. 

Atanasoff, J. V. X : 32. 

Atkin, W. R. VII: 145. 

Audrieth. L. F. XIII: 186. 

V. Auwers, K. XII : 4, 68, 69, 71. 

Back, E. XVII: 3 . 

Backhurst, I. App.: 71. 

Badami, J. S. XVII: 123. 
Badeker, K. X: 76. 

Badger, A. E. V : 78. 

Baker, B.B. VIII: 125. 

BaU, A. O. X : 66. 

Balmer, J. J. XVI: 5. 

Banerjee, K. VI : 59. 86 ; VII: 78. 
Bannister, F. A. Ill: 29 ; IV: 
13; V: 23. 

Barnes, W. H. IV : 26; V: 131, 
160. 

Baroni, A. VIII: 71. 

Barratt, S, XVII: 191. 

Barrett, E. G, V. VIII: 212. 
Barta, F. A. V : 38. 

Bartels, H. XVII: 194. 

Bartelt, O. XVII: 130, 139, 146. 
Barth, T. VIII : 176. 

Barth, T. F. W. V : 88, 109, 167 ; 
XII: 28. 

Basart, J. VIII: 25. 

Baumann, W. XIII: 305. 

Bayley, P. L. X : 260. 

Beams, J. W. XIII: 350, 356. 
Bearden, J. A. V: 46 ; App.: 76. 
Beaulard, F. XI: i. 

Becker, J. A. XIII: 281. 

Becker, K. Ill: 35 ; VI: 45, 46. 
Beckman, A. O. XVI: 43 ; 

XVIII: 20. 

Bedreag, C. G. XVIII: 5. 

Beevers, C. A. V: 3:42. 

V. Behren, W. VIII : 235. 


Beintema, J, V: 64, 145, 149. 
BeU, R. P. XIII: 289. 

Belling, T. XIII: 379, 380. 
Bennett, C. E. X : 25 ; XII: 105, 
Bennett, G. M. XIII: 79, 155, 
T71, 209. 

Bennett, R. D. X : 269. 

Benz, C. A. VII: 76. 

Berger, G. XIII: 228. 

Bergholm, C. XI: 18. 

Bergmann, E. XIII: 55, 115, 147, 
X49, 178, 179, 184, 187, 189, 
199, 205, 287, 335. 336, 339. 
Bergmann, M. VII : 149 ; XIII : 
277. 

Bergqvist, O. IV: 20. 

Bergwitz, K. XV : 13. 

Bernal, J. D. 1 : 6, 25 ; V : 172 ; 
VII: 53. 61, 136, 150; VIII: 
4 - 

Betz, H. X : 258. 

Beutler, H. XVII: 53, 197, 198, 
199, 200, 201, 202, 203, 204. 
van Bever, A. K. IV : 53. 
Bewilogua, L. VI: 8 ; App.: 

92 ; XIII: 107. 

Bhargava, S. XV: 6. 

Bhatnagar, S. S. VII : 16. 
Bichowsky, F. R. XVII : 5. 
Bijvoet, J. M. IV: 38, 47, 50; 

V: 3. 

Bikerman, J. J. X: 197, 

Bilicke, C. VI: 90. 

Biltz, W. VIII: 70. 

Birckeiibach, L. V: 54. 

Birge, R. T. XVI: 82. 

Birstein, V. VII: 20. 

Biscoe, J. V: 127, 

Bishop, Edna R. XIII: 385. 
Bjerrum, N. XIII : 238. 
Bjurstroin, T. Ill : 36, 45 ; IV: 

42, 54; VIII : 83. 

Blair, H. A, XVII: 79. 

Blake, F. C. 1 : 9; VIII : 190; 
App.: 118. 


xxxviii 



hlST OF AUTHOES 


le Blanc. M. VIII: ii. 

Blank, F. VIII: 258; X; 191. 
Blatchford, A. H. VII: 65. 

Bleick, W, E. XIV: 4. 

Bless, A. A. XIII: 35, 112. 
Blewett, J. P. VIII: 104. 

Bloch, E. XVII: 76, 77, 89, 104, 
137, 160. 

Bloch, L. XVII: 76, 77, 89, 104, 
137, 160. 

Bloch, R. XII: loi. 

Bliih, O. X; 4, 126, 151, 200. 
Blum, M. IV : 16. 

Boas, W. VIII: 142. 

Bodareu, E. X: 10. 

Bode, H. XII: 51. 

Bodenheimer, W. XIII: 29. 
Boehm, G. VII: 152. 
de Boer, J. H. VI: 26; XIII: 
46. 

Bohlin, H. 1:9. 

Bohm, J. VIII: 195, 205. 

Bohr, N. XIV : 13, T 5 ; XVI: 

7 » 12, 30; XVII : 192. 
Boorse, H. A. XIII: 375. 
Boratymski, K. V: 96. 

Borel, H. XIII: 175. 

Borelius, G. VIII: 21, 119. 

Bor6n, B. Ill : 39; IV ; 46 ; 

VIII: 84. 

Bormann, EHzabeth. XII: 10. 
Born, M. XI: 9, 20 ; XII: 10, 
17, 22; XIII: 262, 285, 

349; XIV: 17. 23; XV: 
3; XVI : 36. 

Bosanquet, C. H. App.: 30. 

Bosch, F. X. II : 37 ; VIII: 175. 
Bose, E. X : 2ii. 

Bothe, W. XV: 8. 

Bouma, P. J. X : 218, 219. 

Bouty. E. X: 106; XIII: 27. 
Bowen, E. G. Ill: 9 ; VIII: 17. 
Bowen, I. S. XVI: 42 ; XVII: 
49, 100, 117, 120, 134, 176; 
XVIII: 18, 


Boyce, J. C. X : 102; XIII: 

25; XVII: 62. 

Boyd, J. E. App.: 73. 

Boye, E. XIII: 275. 

Bozorth, R. M. VII: ii, 109. 
Bradford, B. W. X : 36. 41 ; 

XIII: 280. 

Bradford, S. C. XIII : 4, 

Bradley, A. J. IV; 22 ; VIII : 

29, 50 » 58. 64 ; App.; 87. 

Bradley, R. S. XIII: 256. 
Braekken, H. IV : 49, 51 ; V : ii, 

52. 

Bragg, W. H. 1 : 4, 20 ; III: 6 ; 

VII: 25, 107 ; App.: 20. 
Bragg, W. L. I : H, 4, 13. 14 ; 
III: 6 ; V : 28, 85, 165, 169, 
T74 ; VIII: 7, 231, 246 ; App., 
19, 3o» 3i» 33. 35 ; XI : 5 : 
XII: 20; XV: II. 
Brandenberger, E. IV : 2 ; VII ; 
162. 

Brass, K. XIII: 271. 

Brasseur, H. V : 106, 123 ; X : 

230, 231 ; XII: 54. 

Brauer, G. VIII: 43. 

Braune, H. XIII: 293. 

Breckpot, R. XVI: 67. 

Bredig, G. VIII : 121. 

Bredig, M. A. VI: 14, 64, 65 ; 
XII: 39, 55. 

Breit, G. App.: 15; XVII: 2, 
5; XVIII: 4. 

Bretscher, E. X : 248. 

Brian, A. B. X: 21. 

Brickwedde, F. G. XVI: 9. 
Bridgman, P, W. Ill: 13. 
Briegleb, G. X: 114; XIII: 

166, 198, 352, 365, 366. 

Brill. R. 1 : 16 ; V : 32 ; VI: 27 ; 

VII: 140; VIII: 92, 159. 
Brindley. G. W. IX: 16; App.: 
9, 38, 42, 63. 67, 78, 80, 81, 
82, 85,117 ; X : 33 ; XII: no. 


XXXIK 



LIST OF AUTHORS 


Broch, E. V : 65. 72. 

Brodsky, A. E. XII : 94. 
de Broglie, L. I : 6 ; XV ; 5. 
de Broglie, M. VI : 42. 

Brdnsted, J. N. XIII : 238. 
Broom6, B. II: 27. 

Broome, B. B. VIII : 189. 
de Brouckere, (Mdlle.) L. XTII: 
276. 

Brown, F. W. Apj:).: 12. 

Brown, Frances, XIII : 169. 
Brownscombe, E. K. VIII : 220. 
Brownsdon, H. \V. XVI ; 73. 
Broxom, J. W, X : 16. 

Bruce, C. W. XIII : 357. 

Bruhl, J. W. XII : 2. 
do Bruin, T. L. XVII: 113, 127, 
133 - 

Bruni, G. VI ; 52, 97, 102. 
de Bruyne, J. M. A. Xlll : 117, 
163, 169. 

Buchwald, E. VII : 144. 
Buckingham, Emily. XVII: 85. 
Buckingham, K. X : 72. 

Buckley, H. E. V ; 68 ; VIII : 
252. 

Buehler, C. H. XII: 73. 

Buerger, M. J. VIII: 253, 254. 
Bujor, B. J. V : 80. 

Burgeni, A. VI: 24 j VII: 106, 

III. 

Burger, FI. C. XIV: 13; XVII: 

8 . 

Burgers, W. G. IV : 32 ; VIII : 

144, 161, 180. 

Burnett, A. J. VII: 18. 

Burrage, L. J. XIII : 2G3. 

Burton, E. F. XIII ; 268. 

Busch, G. X : 236. 

Buschendorf, F. V : 54, 73. 
Biissem, W. I : 6; II : 20; 

V : 19, 55. 

Butler, J. A. V. XII: 83. 
Cabannes, j. XIV : 15 ; XV : 9. 


Cady, W. M. XVII : 42, 143. 
Caglioti, V. VIII: 145, 207. 
Cairns, R. W. Ill : 44 ; IV : 19. 
Calvert, J. T, VIII : 214. 
Cameron, G. H. VIII : 218; 

XV: 12. 

Cameron, H. K. XII : 50. 
Canfield, R.H. VIII: 251. 
Carlsson, O. VIII : 54. 

Carman, A. P. X : 133, 135. 
Carothers, W. H. XIII : 94. 
Carpenter, C. V : 123. 

Carpenter, H. VIII: 122. 

Carter, N. M. XVII: 191. 

Case, L. O. X : 138, 160. 

Catalan, M. A. XVII : 168. 
ChalkUn, F. C. XVII: 75. 
Chapman, S. XIV: 10. 
Chatterjee, T. P. XIII : 101. 
Chenault, R. L. XVII : 196. 
Chesley, K. G. V: t6i. 
Chinchalkar, S. W. XIII: 375. 
Chlopin, V. VIII : 172. 

Chretien, A. X : 67, 273. 

Christie, A. C. VIII : 227. 
Christie, G. H. XIII: 175. 
Chrobak, L. V : 8t, 115 ; App.: 66. 
Chylinski, .S. App.: 70. 

Ciccone, Anna. XVII : 39. 

Claasen, A. IV: 32. 

Clark, C. H. D. X : 34, 108 ; 

XI : 13 ; XII : 79, 81 : 

XIII: 123, 215, 229, 284, 300, 
355; XIV: 31; XV: 19, 
20 ; XVI : H ; XVII: 32 ; 
XVIII : 13, 14, 15, 19, 27, 

31, 32, 40. 

Clark, F. M. X : 162. 

Clark, G. L. I: ii ; V: 78; 

VI: 19, 54, 70, 71, 225. 

Clark, R. J. XIII: 18. 

Clausius, R. XI: i. 

Clouse, J. H. V: 60. 

Cohn, E. X: 120. 

Colby, M. Y, V : 93. 


Xl 



LIST OF AUTHORS 


Colla, C. V : 124, 134, 135. 

Collie. B. XII: 75 ; XIII: 242. 
Collins, G. B. VIII : 201. 
Comanescu, V. N. XIII : 270. 
Compton, A. H. VIII : 29 ; App.: 

100; XV : 6, 7; XVII : 3. 
Compton, K. T. X : 7 ; XIII: 8. 
Condon, E. XV : 12. 

Condon, E. U. XVII : 187, 

Cone, R. M. X : 62. 

Cooley, J. P. XIII : 45. 

Cooper, B. S. VII : 3. 

Cooper, F. S. XVII : 90. 

Corey, R. B. IV : 52 ; V : 138 ; 

VI : 5, 6, 17, 18. 

Corrcns, C. W. IV : 24. 

Coster, D. I : 19; VI : 48 ; 

VIII : 194 ; App.: iii, 116. 
Cotton, A. XIII : 344, 380. 

Coven, A. W. App. * 50, 68. 
Cowley, K. G, XIII : J03, 131, 

138, 2JO. 

Cox, G. V: 97, 112, 137; 

VI : 53, 100, 102, 104, 105. 
Cox, H. L. VIII: 136, 137. 

Craik, J. VII : 106, 117. 

Crawford, M. F. XVII : loi. 
Crowfoot, Dorothy M. VI : 2 ; 

VII: 53, 150, 151. 

Crowther, J. A. VII: 15. 

Curti, R. VI : 29. 

Curtis, H. J. X : 60, 

Curtis, H. L. X : 242. 

Cuthbertson, A. C. X : 52, 56. 
Cuthbertson, C. XII : 31, 34, 78, 
117. 

Cuthbertson, Maude. XII : 31, 

78,117. 

Cuy, E. J. XIII; 92, 307- 
Czerlinsky, IC. XIII: 317. 

Dale, H. VIII: 18. 

Dale, T. P. XII : i. 

Damiens, A. XVIII: 36. 
Damkdhier, G, XII; 115. 


Danforth, W. E. X : 85. 
Darbyshire, J. A. Ill : 30, 156. 
Dardel, J. W. XIII : 323. 

Darkis, F. R. XIII: 95. 

Darrow, K. K. I : 12. 

Darwin, C. G. VIII : 245. 246 ; 
App. : I, 26, 28, 31 ; XIV; 
13; XVII: 19. 

Das, L. M. XIII : 227. 

Datta, S. XVII : 190. 

Dauth, B. IV : 5. 

Dauvillier, A. VII : lo. 

Davey, W, P. V ; 140 ; IX : 14, 
34 - 

Davidson, R. L. VIII : 219. 
Davies, Ann C. XVI : 3.4. 

Davie's, W. G. X ; 136. 

Davis, Rose M. XIII: 117, 163. 
Davisson, C. J. I : 10; XV; 

10, 17. 

Davy, L. G. XIIT : 30. 

Deb. S. C. XVII: 90, ii4> 150. 
Debye, P. 1:9; HI : 5 ; VII ; 
ib, 66; App.: 21, 22 ; X : 
91. 92, 140 ; XI : 2, 14, 31 ; 
XII: 13; XIII: H, 5, 125. 
311 ; XIV : I ; XV : 3. 
Ddjardin, G. XVII : 82. 106. 
Dembicka, S. VIII : 166. 
Demeter, W. XVII : 203, 204. 
Deming, W. E. XII: 77. 

Denbigh, K. G. XVIII : 34. 
Dengel, G. VI : 12. 

Denison, G. H. X: 62. 

Dennison, D. M. XIII : 44, 342. 
Dent, Beryl M. IX : 18 ; XIV : 4. 
Derksen, J. C. VII : 126. 

Desai, K. V. VI: 77. 

Deslandres, H. XVI: 38. 
Deubner, A. X : 131. 

Devoto, G. X : 154, 155 ; XIII: 
97 - 

Dhar, J, VI: 69, 73. 

Dickinson, B. N. V : J13, 119. 
Dickinson, R. G. VI: 90. 


xli 




LIST OF AUTHORS 


Dickinson, Sylvia. VII: 153. 
Dieterich, A. X : 247. 

Dirac, P. A. M. App.: 14 ; XVII: 

15. 19. 

Dobbie, J. C. XVII: 161. 

Dobinski, S. X : 61, 167. 
Doborzy^ski, D. X : 58. 
zu Dohna, K. XVII : 141. 

Dolej^ek, V. XVI: 4. 

Dollins, C. B. XIII : 385. 

Donde, A. XIII : 253. 

Donle, H. L, XIII : 42, 137, 151, 
203, 204, 206. 

Donnan, F. G. XV : ii. 

Dorgelo, H. B. XVII : 8, ii. 

Domte, R. W. X : 65 ; XII: 58 ; 

XIII : 60, 74, 80, iig. 

Dow, M. T. X : 53. 

Drake, F. H. X : 53. 

Druce, J. G. F. XVIII: 33. 

Drucker, C. VII : 96. 

Drude, P. X : 123, 149, 176. 

Duane, W. I: ii. 

Duffendack, O. S. XVI : 81. 
Dullenkopf, W. VIII : 80. 

Dumitrescu, D. XIII : 274. 
Dushman, S. XVI: 43 ; XVIII: 

17. 

Dymond, E. G. XVI : 34. 

Ebert, L. X: 74; XI: 24; 

XIII : 49, 72, 213, 232; 

XIV; 5. 

Eckstein, E. XVII: 130, 146. 

Eddy, C. E, VIII : 197, 198, 199, 

213. 

Edl^n, B. XVII: 38, 41, 43, 45, 

63, 84, 96, 97, 195. 

Edwards, D. A. V; 36. 

Eggers, H. E. X ; 164. 

Eggert, J. VII: 113. 

Ehrenberg, W. App.: 74, 119. 

Ehret, W. F. II: 6; VIII: 59. 
Einstein, A. XV : 2, 3 ; XVI: 22. 
Eisenhut, O. VIII: 117. 

xlii 


Eisenlohr, F. XII: 4, 5, 6. 
Eisenschimmel, W. VII: 51. 
Eisenschitz, R. XIII: 49. 
Eissner, W. VI: 27. 

Ekman, W. VIII: 46. 

Elam (Miss), C. F. VIII: 127. 
Eliason, A. Y. XVII : 17, 156. 
Elliott, J. K. XII: 112. 

Elliott, N. V : 128. 

Engel. E. W. X : 100 ; XII : 72 ; 

XIII : II. 26, 231, 241. 

Engel, L. XIII : 55, 115, 147, 178, 
184, 187, 189, 205, 288, 335, 
336. 339. 

Engwicht, H. XVII : 16. 

Enskog, D. XIV ; 9. 

Ephraim, F. XII: 101, 102. 
Erdal. A. VIII : 182. 

Ericson, A. XVII : 63. 

Eriksson, S. IV: 29; VIII: 36. 
Erler, W. VIII : ii. 

Ernst, T. Ill : 26. 

Errera, J. X : 81, 82, 195, 199, 
203, 228, 229, 230, 231, 238 ; 
XI: 25,26; XII: 47,48,54; 
XIII: 12, 13, 63, 269. 

Erwin, E. C. XII : 73. 

Estermann, J. (I.) XIII: 14, 15, 
20, 21, 282. 

Ettisch, Margarete. VIII : 128. 
Eucken, A. XIII : 118, 251, 304, 
315; XV: 4. 

Eulitz, W. VI : 3. 

Evans, E. J. Ill: 11; VIII: 37. 
Evjen, H. M. VIII: 249 ; XIV ; 
28. 

Ewald, P. P. II: I ; III: I ; 
IV : I ; V: I ; VI: i ; 
VII: i; VIII: i; IX: 6; 
App.: 27, 32. 

Eykman, M. J. F. XII: i. 

Eyring, H. XIII: no. 

Faber, W. XII: 30. 

Faessler, A. VUI: 200, 205, 



LIST OF AUTHORS 


Fairbrother, F. X: 163; XIII; 

134, 162, 233, 283. 

Fairbrother, J. A. V. VII : 15. 
Fajans, K. IX: 9; XI: 8 ; 
XII: 15, 16, 23, 24, 25, 36, 

37, 46, 84, 86, 87, 95, 96. 
Falckenberg, G. X: 83. 
Falkenhagen, H. X : 6, 140, 141. 
Farineau, J. XVII: 89. 

Farkas, L. XVI : 10. 

Farmer, E. H. XIII: 48, 201. 
Farmer, R. H. XIII: 185. 

Fax6n, H. App.: 23. 

Feitknecht. W. IV: 18. 
Ferguson, A, L. X: 138, 160; 

XIII ; 329. 

Fermi, E. App.: 71 ; XVI : 47 ; 

XVII: 10. 

Fernau, A. VII : 14. 

Ferrari, A. IV: 15, 17, 35, 40; 
V: 124, J34, 135; VI: 

29; VIII: 178. 
le Fevre, R. J. W. XIII: 145. 
Filoppov, A. XVII: 91. 
Filippowa, N. S. XII: 94. 

Finch, G. I. II: 41, 42 ; III: 18 ; 

X : 36, 41 ; XIII : 280. 

Fine, R. D. II: 6. 

Finkelnburg, W. XVI: 50. 

Firth, Elsie, M. App.: 3. 

Fischer, K. XII: 83, 

Fischer, W. X: 141. 

Foex, G. VII; 50. 

Fogelberg, J. M. XIII : 106. 
Fonda, G. R. VIII: 201, 202, 223, 
Foote, P. D. XVI: 21, 34; 

XVII: 192, 196. 

Forestier, J. VII: 8. 

Fowler, A. XVI: 7. 

Fowler, H.W. XVII : 191. 

Fowler, R. H. VII: 61; XVIII: 

25. 

Fox, J. J. II: 22 ; XIII: 324. 
Francke, Charlotte. X : 83. 
Frankenburger, W, XII: 14. 


Frankenthal, M. X : 156, 157. 
Franz, E. II: 26. 

Fraser, R. G. J. XIII: 282. 
Freedericksz, V. VII: 49. 

Frei, J. K. XIII: 271. 

Frerichs, R. XVII : 129. 

Frey, A. X : 198. 

Fricke, H. VIII: 229; X : no 
Fricke, R. X : 189. 

Friedel, E. VI : 42 ; VII: 23. 
Friedel, G. VII: 17, 23. 
Friederich, E. IX: 12. 

Frivold, O. E. X : 8 ; XIII: 10. 
Frohnmayer, W. VIII; 206. 
Fromherz, H. XII: 15. 

Frumkin, A. XIII: 253, 255. 
Fuchs, O. XIII: 42, 158. 
Fuchtbauer, C. XVI: 83. 

Fujii, K. VIII: 140. 

Fujiwara, T. VIII: 141, 143, 221. 
Fuller, M. L. Ill: 17. 

Funk, H. XVI: 57. 

Funke, G. Ill: 20. 

Fuoss, R. M. X : 170. 

Filrth, R. X: 49, 127, 150, 151, 
200. 

Galecki, a. VII: 13. 

Gallay, W. X: 207. 

Gans, R. X: 77; XI: 15, 16; 

XIII: 6,347,349; XIV: 16. 
Garrick, F. J. XIII: 237. 
Garjanow, F. K. IV : 31. 

Garreau, (MdUe.) Y. X : 153. 
Gatterer, A. XVI: 59, 

Gebert, E. B. VIII: 38. 

Geficken, W. XII: 87, 93, 95. 
Gehrcke, F. XVI: 17. 

Gehrkens, K. A. XTII: 151. 
Geiger, H. XV: 8. 

George, C. M. XIII: 242. 

Gerlach, W, III: 5 ; XVI: 55, 

69. 

Germer, L. H. 1 : 10 ; XV: 10, 
Gemgross, O, VII: 148. 


xliU 



LIST OF AUTHOKS 


Ghosh, P. N. X : 26 ; XIII: 65. 

lOI. 

Gibbs, R.C. XVI: 15,39; XVII: 

33, 136 : XVIII: 10. 

Gieseler, H. XVII: 169. 

Gilles, A. XVII : 144. 

Gingrich, N. S. App.: 77. 

Giorgi, F. IV: 15,17,35. 

Girard, P. XIII: 216, 218. 

Gladstone, J. H, XII: i. 

Glamann, P. W. VII: 41. 

Glasstone, S. XIII: 155, 209. 

Glocker, R. VII: ii, 109; VIII: 

203, 206 ; App.: no. 

Glover, A. M. XII: 97. 

Goetz, A. VIII; 239,241,242,243. 
Goldammer, R. XI: 32. 

Goldct, A. XIIT : 376, 377. 
Goldschmidt, H. XII: 32, 40. 
Goldschmidt, V. M. Ill: 4 ; VIII: 

24 ; IX: I, 8 ; XII: 82. 
Goldsztaub, M. S, V ; no. 

Goldsztaub, S. V: 5. 

Goler, V. VIII: 146. 

Gombas, P. XIV : 22. 

Gonell, H. W. VII : 132, 148. 

Good, W. VII: 60. 

Goodtzow, N. VIII: 108. 

Goodwin, T. H. VI: 104. 

Gordon, W. XVII: 20. 

Gorlachcr, H. XII: 104. 

Gorsky, W. S. IV: 39. 

Goss, F. R. X : 96 ; XIII: 128, 

340 - 

Gossler, F. XVI: 48. 

Gossner, B. V: 98, 116, 139, 

157, 159 , 164 ; VI: 55. 

Gottfried, C. V: 28, 43, 56. 

Gbtze, R. XVII: 173. 

Goiidsmit, S. XVI: H ; XVII: 4, 

179. 

Gough, H. J. VIII: 136, 138. 

Grace, N.S. XVI: 19. 

Graffunder, W. XIII: 226, 287. 

Green. J. B. XVII: 54. 

xliv 


Greene, E. W. X: 27; XIII: 
38, 76. 

Gregory, C. H. VIII: 51. 

Gremmer, W. XVII: 67. 

Grenko, J. E. V: 4, 91. 

Grime, H. IV: 34. 

Grimm, F. V. X: 78. 

Grimm, H. G. VIII: 170, 171, 

174 ; IX: 10, 13, 22, 37, 38 ; 

xviir: 23, 38, 39. 

Gross, F. II: 20. 

Gross, P. XIII: 6r, 169, 214. 
Gross, P. M. XIII: 117, 163. 
Gross, W. J. XIII: 91. 
Grosskurth, K. App.: 17. 

Groves, L. G. XIII : 129. 

Grube, O. XI: 6. 

Gruner, J. W. V : 177, 178. 
Griitzmaclier, M. X: 105. 

Gudden, B. IX: tj ; X: 253; 
XII: 99. 

Gueben, G. X : 2, 257. 
Guggenheimer, K. XVII: 199, 

200, 202. 

Guillemin, V. VI: 10. 

Gundermann, H. X: 89. 
Gundermann, J. V: 122. 
Gunnayya, D. XVII: 190. 
Gunther, M. VIII: 174. 

Gunther, P. V : 19, 24. 
Giintherschulze, A. X; 35, 224, 
258. 

Gupta, R. S. VII: 16. 

Guyot, J. XIII: 254. 

Haase, H. X: iig. 

Haase, M. XI: 7 XIT : 19. 
Haber, F. XII: 7. 

Hadding, A. VIII: 193. 

Hagg, G. 1: 17 ; III : 20, 37 ; 
IV : 29, 30, 33 * 43 ; V : 130, 
132, 182 ; VIII: 36, 54, 90, 
93. 94. 95. 96, 102, 105, n6. 
Hagiwara, T. VII: la. 

Hahn, T. M. App.: 18, 



LIST OF AUTHORS 


Halla, F. II: 37; VI: 24; 

VIII: 175. 

Halle. F. VI; 34. 

Haller, W. X : 186, 192. 
Hallwachs, W. X: 177. 

Halm 5 y, E. VI: 92, 95. 
Hamasumi. M. VIII: 56. 
Hamburger, F. Jr. XI: 34. 
Hammick, D. L. XIII: 157; 
XVIII: 30. 

Hampson, G. C. XIII; 43, 126, 
iSo, 185, 200. 

Hanawalt, J. D. VIII: 120, 149. 
Hansen. G. XVI: 14. 

Harang, L. IV: 51 ; V: 52. 
Harder, A. Ill : 7 ; IV: 5 ; 

VIII: 79. 

Hardesty, J. O. XII: 26. 
Hargreaves, J. XVI: 35. 
Harrington, E. A. X : 148. 
Harrison. G. R. XVII: 16. 

V, Hartel, H. XIII: 49. 

Hartley, T, S. XIT : 3. 

Hartree, D. K. App.: 4. 5, 10, ii ; 
XI: 9 ; XII: 17, 22 ; XVI: 

35.36- 

Hartshorn, L. X: 64. 

Harvey, G. C. App, : 43, 44, 45, 
46. 47. 5 b. 

Hase. H. XV: 6. 

Hassel, O. V : 9, 44, 45 ; VI: 
92. 95; X: 8; XII: 15; 
XIII: 10, 144, 153, 167, 174, 
182, 188, 191, 202. 

Hauser, E. A. VII: 99. 

Havelock. T. H. XII: 21; XIII: 

345. 

Havighurst, R. J. VIII: 190; 
IX: 15. 

Haynes, Dorothy. X: 106 ; 

XIII: 27. 

Heard, J.F. XVII: 70. 

Hehlgans, F. XIII: 364. 

Heigl, A. XII: 45. 

Heil, L. M. App.: 72. 


Hein, F. XIII: 334. 

Heindlhofer, K. VIII: 113. 
Heisenberg, W. XI: 9 ; XII: 17, 
22; XIII: 285; XIV: 13, 
16 ; XVI : 36 ; XVII: i, 18. 
Heitler, W. XIV : 37 ; XVIII: 
22. 

Heller. W. XIII: 388. 

Hellmann, H. X : 130. 

Helmholtz. L. XIV: 24. 

Helwig, G. V. V : 131, 133, 
Henderson, S. T. XII: iiG. 
Hendricks, S. B. Ill: 36; IV: 

44 ; V : 29, 70, 183 ; VI : 

20, 56, 57, 90 ; YIII : 88, 

91 ; XII: 26, 77. 
van Hengel, J. W. A. Ill : 15. 
Hengstenberg, J. 1 : 18 ; VI: 

32, 79, 101 ; VII: 105 ; 

VIII: 158; X: 269. 
Henninger, F. P. X: 147. 
Hcrgenrother, R. C. VIII: 243. 
Hermann, C. II: i ; III: i ; 

IV : I ; V: i ; VI : i; 

VII: I, 33 ; VIII : i. 
Hermann, E. XIII: 275. 
Hermann, G. 1 : 3. 

Hermann, K. 1 : 6 ; V: 53, 5 5. 
76; VI: 4; VII: 28, 32, 
38. 41 - 

Hertel, E. VI : 15, 58, 61, 78, 81, 
84, 88, 99; VIII : 230 ; 

XIII: 332, 337. 

Herweg, J. X : 88, 256. 

Herz, W. X: 78; XII: 33; 
XIII: 273. 

Herzfeld, K. F. XI : 8, 12 ; XII: 
14, 24, 52, 83 ; XIII: 143, 

258; XIV: 13. 

Herzog, G. App.: 96, 97. 

Herzog, R. O. VII. 132, 148. 
Hess, K. VII: 108, no, 116, 120, 
122, 124, 126, 128, 139. 

Hess, V. F. XV: 13. 

Hettner, G. XIII: 303. 


xlv 



LIST OF AUTHOBS 


Heusler, O, VIII: 49. 
von Hevesy, G. VIII; 194, 195, 
196, 205, 216, 222. 

Hewitt, J. VII: 135. 

Hewlett, C.W. VII: 69. 

Hey, M. H. Ill: 29 ; IV : 13 ; 
V: 23. 

Heydenburg, N. P. XVII: 52. 
Heydweiller, A. X ; 245 ; XI: 
6; XII: 18. 

Heymann, E. XIII: 226, 287. 

Hey worth, Dorothy. V; 12. 
Hicks, W. M. XVI: 28 ; XVII: 

30, 3 i> 95 » 149. 

Hiegemann, J X: 118. 

Higasi, K. XIII: 75. 

Hilditch, T. P. XIII: 278. 

Hill, A. E. XIII: 296. 

Hirata, H. VIII: 220. 

Hirata,M. VII: 91. 

V. Hirsch,T. XII: 39. 

Hirst, Mercia C. VII: 146. 
Hitchcock, C. S. X: 250; XII: 
312. 

Hitchen, C. S. XVI: 60. 

Hoard, J. L. IV : 36 ; V: 17, 91, 
ii 9 » 155 ; IX: 35. 

Hobbie, R. VIII: 222. 

Hofer, E. XVI: 65. 

Hoffmann, H. XIII: 205. 
Hofmann, W. V: 151, 

Hofton, J. X : 249, 

Hdjendahl, K. VIII: 20; X: 

232; XIII: 50.72. 

Holemann, P. XII: 32, 40, 90, 91, 
96. 

Holgersson, S. V: 101 ; VIII: 
179. 

Holmes, (Miss) T. X: 42. 
Homfray, Ida F. XIII: 248. 

Hdnig, R. H: 28. 

Honl, H. App.: 113 ; XVII: 14. 
Hooper, G. S. X: 171. 

Hootman, J. A. XIII: 371. 

Hope, R. A. H. App.: 87. 


Horton, F. XVI: 34. 

Houston, W. V. XVI: 8, 16. 
Howell, O. R. X: 115, 

Howells, E. V. II: 7; IV: 45: 
VIII: 99. 

Hsieh, Y. M. XVI: 16. 

Hubbard, J. C. X: 47. 

Hubble, E. XVI: 44. 

Hiickel, E. VII: 42 ; XII : 70. 
Huckel, W. XIII: 322, 338. 
Hudson, J. C. 1 : 11. 

Huggins, M. L. Ill: 28; V: 

136; IX: 5, 13; XIV: 23. 
Hull, A. W. 1 : 8. 

Hull, D. C. XII.: 73. 

Hultgren, R. V : 79, 107. 

Humason, M. L. XVI: 44. 
Hume-Rothery, W. II: 39, 46 ; 

VIII: 65, 66, 68. 

Humphreys, C. J. XVII: 60, 71, 
TI 3 ' 

Hund, F. IX: 32 ; XII: 41 ; 
XIII: 310; XVIT: 6; 

XVIII: 9. 

Hunter, A. XVII: 119. 

Hunter, E. C. E. XIII : 82, 83, 
102, 105, 207. 

Husemann, E. V: i8i ; VIII: 

100 ; IX : 40. 

Hutino, K. VII: 166. 

Huttig, G. F. XII: 89. 

HyUeraas, E. A. XIV: 39 ; XVII : 

86 . 

lANDBLLl, A. VIII: 72, 78. 

IbaU, J. II: 4; VI: 89; VIII: 

82. 

Ilge,W. V: 53,76; VI: 4. 

Inganni, A. IV: 40 ; VIII; 178. 
Inge, Lydia. X.: 263. 

Ingold, C. K. XII: 60. 

Ingold, (Mrs.) E. H. XII: 60. 
Ireton, H. J. C. VIII: 104. 
Isherwood, C. XII: 109. 

Ishino, M. VII; 90. 


xlvi 



UST OF AUTHORS 


I«lamov, I. XVII: 91. 

Isnardi, H. X; 77; XI: 15 ; 
XIII: 6. 

Iwaizumi, S. VIII: n8. 

Iwamuri, A. XVI: 75, 76, 77. 
Iwase, K. VIII: 16. 

Jackson, C. V. XVII: 61, 68, 
Jackson, W. X: 94.115- 
Jacobi, B. VII; 149. 

Jacobsen, R. C. X: 63. 
Jacobsohn, K. VII: 21. 

Jacobson, B. VIII: 97. 

Jaeger. F, M. II: 18; V: 58, 
61, 63, 64, III, 144, 145, 149, 
171. 

Jalin,H. XII: 3. 

James, H. M. XIV : 38. 

James, R. W. VIII: 246, 247; 
App.: 3. 5- 30. 31. 37. 42. 58, 

67, II7, 120. 

Jancke, W, VI: 45, 46; VII: 
132. 

Janin, J. XVII: 69. 

Jaspers, A. X: 15, 

Jauncey, G. E. M. App,: 36, 39, 
44. 49 . 51. 53 . 54. 56. 105. 

Jay, A. H, IV: 22 ; VIII: 58, 
244, 

Jeans. J. H. XVI: 44. 

Jefferson, M. E. VI: 57 ; XII: 77. 
Jenkins, H. O. XI: 30 ; XIII: 34. 
Jensen, H. XVI: 53. 

Jessop, G. X; 252; XIII: 333 - 
Jette.E. R. VIII: 38. 

Jezewski, M. X: 144,212. 
Joachim, H. X; 246. 

Johannson, C. H. VIII: 23, 34. 
John, W. X: 261. 

Johnsen, A. Ill: 12. 

Johnson, M. H. Jr. XVII: 15, 

25* 

Johnstone, J. H. L. X: 272. 
Jona,M. X: 5; XIII; 7. 

Jones, E. T. VII: 127. 


Jones, H. XVI: 34. 

Jones, (Miss) P. VIII: 64. 

Jones, W. M. VIII: 17, 39. 

Joos, G. XI: 8; XII: i6, 24. 
Jordan. P. XVII: i8. 

Jost, W. VIII: 9. 

Jukkola. E. E. VIII: 75. 

Kabraji, K. j. VI: 22. 
Kahlenberg, L. X : 168. 

KaUa, P. N. XVII: 165. 
KaUmann, H. X: 202; XIII: 
16. 

Kambeitz, J. XIII: 166, 198. 
Kamecki, J. X: 144. 

Kamerling, S. E. XIII: 71, 160* 
Kaminsky, E. VIII: 109. 

Kao, C. H. XII: 59. 

Kapidia, M. R. VI: 76. 

Kar. K. C. XIII: 250; XVI: 4. 
Karagunis, G. XII: 15. 
Karapetoff, V. XVIII: 7. 
Karison, P. XVI: 163. 

Karlsson, A. VIII: 179. 

V. K^lrm^n, T. XV: 3. 

Kast, W. VII: 40, 47, 48 ; X : 

213, 215, 216, 217, 218, 219. 
Katoh. N. VIII: 33, 52, 85. 

Katz, J. R. VII: 70, 98, 120, 126, 
148, 156. 

Kaufler, F. XIII: 175. 

Kaupp, E. VII: ii, 109; VIII: 
117. 

Kautzsch, F. X; 88, 

Keesom, W. H. II: 13; IV: n; 

X: 74; XIV: 2. 

Keggin, J. F. V: 154. 

Keiss, C. C. XVII: n8, 142, 145, 
i 53 > i 54 ‘ 

Keiss, Harriet, K. XVI: 142, 153. 
KeUer, F. X: 224, 226, 237, 
Keller, M. XII: 89. 

Keller, R. X: 152, 188. 

Kemp. C. N. VIII: 224. 

Kemp, J. D. X: 62. 


xlvii 



LIST OF AUTHOBS 


Kenner, J. XIII: 175. 

Kent, N. A. XVI: 19. 

Kerr, J. XIII: 343 - 

Kerr, R. N. X : 104 ; XIII: 140. 

Ketelaar, H. X; 228. 

Ketelaar, J. A. A, IV: g, 37; 
V: 6, 74, 75. 

V. Keussler, V. XVII: 128, 132. 
Keyes, F. G. X: 18, 19, 38 ; XI: 

4; XIII: 341; XIV: 3,8. 
Kharasch, M. S. XIII: 95* 
Kikuchi, S. XV: ii. 

King, A. XII: 53- 

King, A. S. XVII: 164,166. 

King, J. F. XIII: 28. 

King, R. B. XVII: 164. 

Kinsey, E. L. IV : 27. 

Kirchner, F. I: 9; XV: ii. 
Kirkpatrick, F. App.: 40. 
Kirkwood, J. G. X: 18, 19, 38 ; 

XI: 4; XIII: 290, 341. 
Kirn, M. XIV: 12. 

Kistler, S, S. X: 201. 

Kitchin, D. W. XI: 33. 

Klauer, F. XVI: 58. 

V. Klein, O. XIV : 13. 

Kleu, H. VI: 88. 

King, H. P. II: 38; V: 18; 
VI: 60. 

Knaggs, (Miss) I. E. VI: ii, 68. 
Knol, K. S. 1 : 19 ; App,: iii, 116. 
Knorr, C. A. XII: 100. 

Kobeko, P. X: 221. 

Koch, A. VII: 100. 

Koch, F. K. V. XII; 55, 56. 
Kockel, Lili, X: 50. 

Kohler, J. W. L. IV: ii, 

Kohler, M. App.: 60. 

Kohlrausch, F, X: 177. 

Kohner, H. XII: 56, 87, 91. 
Kolhdrster, W. XV: 13. 
Kolkmeijer, N. H. Ill: 15, 31; 
VIII; 228. 

Konobejewski, S. VIII: 35, 135, 

155. 165* 


Kdppel, J. IV: 21. 

Korber, F. VIII: 124. 

Komfeld, H. XI: 9; XII: 17, 

22. 

Kossel, W. X: 161 ; XII: 8; 
XIII: 321. 

Kosting, P. R. Ill: 36 ; IV : 44 ; 
VIII: 91. 

Kracek, F. C. V: 29, 103. 
Kraemer, W. XVI: 63. 

Kramers, C. A. VII: 126. 
Kramers, H. A. XIV: 13. 

Kratky, O. I: 15; VI: 24; 

VII: 68, 106, III. 

Kraus, C. A. X: 170, 171. 

Kraus, O. V: 98, 116. 

Krause, K. X: 95. 

Krchma, I. J. X : 100 ; XIII: 
II, 26. 

Kreidl, W. X: 202. 

Krejci, Laura. VII: 4. 

Kringstad, H. V : 44, 45. 
Krishnamurti, P. II: 29 ; VII : 

63, 64, 88, 89, 164. 
Krishnamurty, S. G. XVII: 125. 
Krishnan, K. S. XIII: 359, 360, 
361, 373, 391. 

Kronig, R. de L. XIII: 382 ; 

XVII; 12. 

Kruger, F. X: 28. 

Kruger, P. G. XVII: 44, 78, 90. 
Kruis, A. XII: 93. 

Krummacher, A. H. VII: 32, 38, 
41. 

Ksanda, C. J. Ill: 10, 33 ; V : 
103. 

Kuhn, H. XVI; 54. 

Kuhn, R. VI: 79; XIII: 173. 
Kukenthal, H. XII: 89. 

Kulp, M. XVI: 84. 

Kulvarskaya, R. XIII: 253. 
Kundt, H. E. XVI: 48. 

Knnsman, C. H. XV: 10. 

Kunz, P. XVII: 22. 

Kunzl, V. IV : 21. 


xlviii 



LIST OF AUTHOBS 


Kurdjumow, G. VIII: io8, 109, 
no, 112, 154. 

Kutschatov, J. X; 221. 
Kyropoulos, S. X: 84, 113, 222. 

Laby, T. H. VIII: 197, 198, 199, 
213, 215. 

Lacroute, P. XVII: 137. 
Ladenburg, R. XII; 107, 108, 118. 
Laine, P. XIII: 381. 

Laiide, A. XIII; 252, 309 ; XIV : 

17; XVII: 29. 

Landolt, H. XII: 3. 

Lang, R. J. XVI; 39; XVII: 
126. 

Lange, Luise. X : 109 ; XIII: 221. 
Langer, R. M. XVII: 184. 
Langevin, P. XIII: 348. 
Lansing, W. D. XVII: 109. 
Laporte, O. XVII: 73. 
de Laszlo, H. VI: 13. 

Latimer, W. M. XIII: 239. 
Lattey, R. T. X: 48, 125, 136. 
von Lane, M. VIII: 22. 

Laurent, P. X: 273. 

Lauritsen, C. C. App.: 75. 

Laves, F. II: 32 ; V: 102 ; 

IX : 7, 41, 42, 

Lawrence, A. S. C. VII: 19. 
Lebeau, P. XVIII: 36. 

Lehmann, O. X: 210. 

Lehmann, W. R. X: 237. 

Leithe, W. XII; 66. 

Lenel, F. V. VI: 32. 

Lengyel, B. V; 162. 

Lennard-Jones, J. E. IX; 17, 
18; XIII; 77; XIV: 4,11; 
XVIII; 41. 

Lena, W. XVI: 52. 

Leo, W. XVII; 22. 

Lepingle, M. X: 81 ; XI; 25 ; 

XIII: 12, 63. 

Lertes, P. XI; 19. 

Lessheim, H. XIII: 295 ; XVIII; 
24, 29. 


Levi, G. R. V: 51; VIII; 167. 
Levi, Miriam. XIII: 273. 

Levin, I. IV: 25. 

Levy, R. B. XIV: 26. 

Lewis, G. N. XVI: 19. 
Lichtenecker, K. X : 99 ; XII: i. 
van Liempt, J. A. M. VIII: 22 ; 
XIV: 6. 

Lihl, F. VIII; 151. 

Limmer, G. XVI: 80. 

Linde, J. O. VIII: 13, 23, 34, 

55 > 119. 

Lindeman, H. XVII : 8. 
Lindeman, J. XIII; 265. 
v. der Lingen, J. S. VII: 34, 35. 
Linhard, M. XII: 80 . 

Linnik, W. I: 7; V: 173. 

Linton, E. P. X: 55. 

Lipson, H. V : 142. 

Litvinoff, N. XI: 22. 

Litvinoff, W. XI: 22. 

Lloyd, Dorothy J. VII: 155. 
Lomax, R. VII: 150. 

London, F. XIII: 261 ; XIV ; 

21, 37; XVI; 54; XVIII: 

22. 

Longdon, G. M. VII; 18. 

Lonsdale, (Mrs.) K. (See Yardley, 
K.) VI; 25, 67, 82. 

Lorentz, H. A. XI: 3. 

Lorenz, L. XI: 3. 

Lorenz, R. XIII; 252. 

Loring, R. A. XVII; 54. 

Lowery, H. XII; 109, no, ni, 
ri2. 

Lowry, H. H. X: 98, 107, 239, 
264. 

Lowry, T. M. X; 249, 252 ; 

XII: n6. 

Lu, S. S. App.: 98. 

Lubberger, E. V; 43. 

Luft, F. VII: 113. 

Lnnde, G. VIII: 176,177. 
Lundegardh, H. XVI: 61. 
Lnndelius, E. F. XIII; 271. 


xlix 



LIST OF AUTHORS 


Lunt. R. W. X: 90. 

Ltttgert, H. XIII; 159, 168, 170. 
Luzanski, N. V; 9. 

Lyon, N. XI: 17. 

Ma, S. Y. XII: 59. 

Maass, O. X: 51,55,56. 

Mack, E., Jr. VIII: 190. 

Magnus, A. IX: 20; XII: 85, 
236 ; XIII: 257, 259, 260. 
Mahadevan, C. VII: 163. 
Mahanti, P. C. X: 26; XIII: 
58. 65. 

Main Smith, J. D. XVIII ; 2. 
Malkin, T. VI: 37 ; VII: 52. 
de Mallemann, R. XIII: 392. 
Malone. J. G. X : 138. 160 ; XIII: 
122. 

Malone, Mary G. XIII: 329. 
Malsch, J. X: 86,87; XIII: 219. 
Mannkopf, R. XVI: 70. 

Mapara, H. M. VI: 21. 

Margenau, H. XVI: 45. 

Marinesco, N. X: 153,190. 

Mark, H. VI: 96, loi ; VII: ii, 
99, 104, 105, 106, 109, 115, 
131, 140, 165; VIII: 133, 
I 34 » 158. 

Marsden, R. J. B, XIII: 43. 
Marshall, C. E. XIII: 389. 
Marshall. M. J. XIV: 8 . 

Martens, A. R. XII: 75. 

Martin, A. E. II: 22. 

Martin, A. R. XIII: 242. 
Marwick, Thora C. VI: 39 ; VII: 

106, 136, 147. 

Masaki, O. XVII: 180. 

Maske, F. X: 28. 

Masing, G. VIII: 22. 

Matavulj, P. G. XII: 62, 63, 64. 
Mathews. J. H. X: 100 ; XIII; 
11, 26. 

Mathieu. M. V: 118; VIII: 118. 
Mathur, K. G. VII: 16. 

Mathur, K. K VII: 16. 


Matsumoto, N. VII: 112. 
Mauguin, C. I; 3 ; V: 175 ; VII: 

39. 

Maxwell, L. R. VI: 57. 

May, E. X : 193. 

May, H. L. App.: 36. 

May, K. VII: 38. 

Mayer, F. K. VIII: 217. 

Mayer, J. E. XI: 10 ; XIV: 4, 
23, 24, 25, 26, 27. 

Mayer, Maria G. XI: 10. 
McAlpine, K. B. X: 37 ; XIII: 

57, 104, 127, 292, 318. 
McBain, J. C. VII: 18. 

McCann, D. C. V: 33. 

McCrea, G. W. VI: 40. 

McFarlan, R. L. XIII: 362. 
McLay, A. B. XVII: 101 ; XVIII: 
16. 

McLennan, J. C. X : 63 ; XVIII : 
16. 

McMeekin, T. L. X: 158. 
McNabb, W. M. V: 114. 
McPherson, A. T. X: 242. 

Mecke, R. XIII: 305. 

Megaw, Helen D. V: 8. 

Meggers, W. F. XVII: 58, 60, 71, 
102, 113, 158, 192. 

Mehl, E. II: 37. 

Mehmel, M. V: 148. 
Meisenheimer, J. XII: ii, 98. 
Meissner, A. IV: 23; X: i. 
Meissner, K. W. XVII: 130, 180, 
182. 

Menke, H. VII: 66 , 67; App.: 

91. 

Mensing, L. XI: 21. 

Menzel, W. XVIII: 35. 

Menzer, G. V: 171. 

Merrill, P.W. XVII: 35. 

MerriU, R. A. XVII: 27. 

Merton. T.R. XVII: 35. 

Merz,A. R. XII; 26. 

Mevis, A. XVI: 67. 

Meyer, A, W. VII: 82. 


1 



UST OF AUTHOKS 


Meyer, E.H.L. XIII; 351. 

Meyer, H. H. VII; 58. 

Meyer, K. H. VII: 104, io6, 131, 
140. 

Meyer, L. XI; 35; XIII; 67, 
70, n8. 

Michels, A. X: 15, 17, 23. 
Michels, (Mrs.) C. X : 17, 23. 
Miles, F. D. V; 180; VI; 66; 
VII; 106, 117. 

Miles, J. B., Jr. X; 209; XIII; 81. 
Milicka, A. X; 134. 

Miller, G. R. XVII; 73. 

Milligan, W. O. Ill; 16 ; VII: 9. 
Millikan, R. A. X ; 204 ; XV ; 12, 
13; XVI; 42; XVII; 176. 
Mirer, I. VIII; 165. 

Mitra, S. K. XVIII; 17. 
Mizushima, S. XIII; 75. 
Moesveld, A. L. T. Ill; 31. 
Mohler, F. L. XVII; 192. 

Moller, H. V; 153; VI; 65. 
Molthan, W, X: 254. 

Montoro, V. VIII; 61. 

Mooney, R. C. L. V; 57, 62, 143. 
Mooy, H. H. II; 13 ; VI: 7. 
Morelli. M. XII; 88. 

Morgan, G. T. XVIII: 37. 
Morgan, S. O. X; 101, 102, 239, 
241; XIII; 24,25. 

Mortal, F. R. VIII; 87. 

Morrell, L. G. VIII; 149. 

Morris-Jones, W. II; 7 ; III : 

9 ; IV; 45 ; VIII: 99, 103. 
Morrow, R. M. VII; 71. 

Morton, G. A. App.: 84. 

Moseley, H. J. G. App.; 28. 
Mosley, V.L. VI; 57. 

Motz,H. VII: to2. 

Mouton, H. XIII; 334. 

Moxnes, N. H. VIII; 209,210, 
Mukherjee, B. C. X; 26. 
Mukherjee, J. B. XV; 6. 
Mhkherjee. J. N. XIII: 249. 
Mukherjee, P. C. II; 50 ; X; 26. 

S 


MiiUer, A. VI; 33,35. 

Miiller, E, XIII; 234. 

Muller, F. XIII; 234. 

MiUler, H. XI: 33 ; XIII: 32, 
33i 62, 133, 326. 

MuUiken, R. S. XII; 80 ; XIII : 
288. 

Mundt, H, VIII; 169. 
Murakawa, K. XVII; 55. 
Murison, C. A. II; 42, 44. 

Murphy, A. J. VIII; 53- 
Murphy, E. J. X ; 264 ; XIII: 

385. 

Murphy, G. M. XVI; 9. 

Murti, S. G. K. XVII: 83, 124. 
Mussgnug, F. V; 139, 159. 
Myssowsky, L. XV; 22. 

Naeshagen, E. XIII; 144, 153, 
167, 174, 177, 182, 188, 191, 
202. 

Nagashima, H. XVII; 183. 
Nagelschmidt, G. IV: 24. 
Nagelschmidt, J. G. V: 129. 
Nahmias, M. E. VIII; 211. 
Nanty, T. X ; 206. 

Narasimhiah, G. XIII; 370. 
Narayan, A. L. XVII: 190. 
Narayanaswamy, B. N. XIII; 
40, 211. 

Naray-Szabo, St. V: 150. 

Nasini, A. II: 8, 10. 

Nasledow, D. X: 266, 267. 

Nasu, N. VIII; 16. 

Natanson, L. XVII: 135. 

Natta, G. II: 8, 10 ; III: 40 ; 
IV; 3; V; 117; VI; 52, 
98, 102 ; VIII: 192. 

Neff, H. VI: 55 - 

Nemst, W. X: 121, 174, 176; 

XIII; 301; XV: 4. 
Nespital, W. V : 148 ; X; 57 ; 

XIII: 186, 328, 331, 332, 337, 
Neuberger, M. C. II: 2,12,14, 47 ; 
III: 38 IV : 14 ; VIII: 2, 3. 

li 



LIST OF AUTHORS 


Neugebauer, T. XIII: 383; 

XIV: 22, 

Neumann, F. V: 84, 

Neumayr, S. II: ii, 24; VIII: 

73, 76; IX: 30. 

New, R. C. A. XIII: 157; XVIII: 

30 ‘ 

Newman, F. H. XII: 44. 

Nial, O. IV: 12, 

Nicholson, J. W. XVII: 35, 
Nieuwenkamp, W. IV : 38, 50, 53 ; 

V: 3. 

Niggli, P. Ill : 2, 3 ; IV: 2 ; 
V: 27; IX: 25, 26, 27, 28, 
42. 

Nishigori, S. VIII: 56. 

Nitikin. B. VIII: 172. 

Noll, F. H. W. VII: 75. 

Nowacki, W. V : 27, 50 ; VIII: 

89 ; IX: 27. 

Nowackowski, A. V: 96. 

Noyes, A. A. XVI: 43 ; XVIII: 
20. 

OCCHIALINI, A. X: 10. 

Oftedal, I. V : 13, 26. 

Ogawa, Y. VIII: 60. 


Ogg, A. 

V: 

82. 

Ogg, E. 

F. 

X: 100; XIII: II 

26. 

Uhtnan, 

E. 

II: 34; VIII: 114, 


Okuda, T. XVII; 192. 

Okuno, G. VII: 78. 

Slander, A. VIII: 101. 

Olbrich, W. VII: 2. 

OXeary, W. J. XVI: 74. 

Oliver, D. A. X: 64. 

Olthoff, J. XVII: 72. 

Oncley, J. L. X: 208. 

Onorato, E. V: 105 ; IX: 43. 
Oplatka, G. X: 233, 235, 

Orelkin, B. VT: 82. 

Omstein, L. S. VII; 45, 46, 48; 
X: 214, 216, 219; XIV: 
13; XVII: 8. 


Orowan, E. VIII: 250. 
Orthmann, W. X: 137. 

Ortlofif, H. X: 186. 

Ortner, G. VIII: 164. 

Ortvay, R. X: 83. 

Osawa, A. VIII: 15, 60, 118. 
Oseen, C. W. VII: 30. 

Oshimi, K. VIII; 8. 

Osswald, W. VII: 124. 

Ostrofsky, M. XVII: 27. 
Ostwald, W. VII: 24, 57 ; XIII: 
266, 267. 

Ott, E. Ill: 44 ; IV: 19. 25 ; 
VI: 38, 41 ; VII: 4, loi, 
i 33 > 15S. 

Otterbein, G. XIII: 351, 369. 
Otto, Irene G. XIII: 385. 

Otto, M. M. XIII: 135. 

Owen, E. A. 1 : 8 ; II: 3, 4; 
III: 22 ; VIII: 40, 44, 57, 
62. 82. 

Pabst, a. V: 85, 94. 

Pal, N. N. XIII: 223. 

Palmer, A. de F., Jr. X : 124. 
Palmer, R. C. X: 182. 

Papish, J. XIII: 386; XVI: 74. 
Parker, H.M. IV: 10; App.: 8. 
Parratt, L. G. App.: 62. 
Parravano, N. VIII: 61. 

Parsons, G. S. XIII: 194. 
Parthasarathy, S. VII: 83. 
Partington, J. R. XIII: 82, 83, 
102, 103, 105, 131, 138, 207, 
210. 

Parts, A. XIII: 59, 130, 165, 196. 
Paschen, F. XVI: 13, 20, 40, 41 ; 
XVII: 22, 35, 40, 46, 59, 98, 
177; XVIII: 3. 

Passerini, L. VIII: 192. 

Patrick, W. A. X: 78; XII: 28. 
Patterson, A. L. 1 : 13 ; VI: 91. 
Pauli, O. 1:9. 

Pauli, W. XI; 21; XVII: 23; 
XVIII: 8. 



LIST or AUTHOES 


Pauling, L. Ill: 14, 28 ; IV: 36 ; 
V: 7, 10, 25, 42. 86, 107, 

147, 152, 170; IX: 21, 35, 
44 ; App.: 16; XII: 35, 

43; XIII: 297,298; XIV: 
19, 29, 30, 36; XVI: H, 
33; XVIII: 26. 

Pearson, G. W. VIII: 30. 
Pearson, H. XVI: 19. 

Pelzer, H. 1 : 16. 

Pennell, F. App.; 51, 53. 

Penny, W. G. XIII: 314. 

Perlitz, H. VIII: 69. 

Perrin, J. XIII: 264. 

Persson, E. II: 34, 45 ; VIII, 
41, 48. 

Pesce, G. XII: 92. 

Pestrecov, K. XVI : 4. 

Peters, Cl. XVI: 70. 

Pfarr, B, VIII: 153. 

Pfeifier, A, XVI: 80. 

PhUip, J. C, X : 106, 108 ; XIII: 
27, 229, 

Phillips, H. VII: 155. 

Phragm^n, G. Ill: 21; VIII : 
5i 6, 67. 

Piccard, J. XIII: 308, 323. 
Pickering, Elizabeth, XIII; 172. 
Pickett, Lucy W. VI: 70, 71, 

80. 

Pickup, L. VIII; 40, 44, 57, 62. 
Piekara, A. X: 97, in, 112, 159, 
188, 205 ; XIII: 89, 224, 377, 
378. 

Piekaxa, B. X: 159; XIII: 89. 
Pierard, J. V: 125. 

Pierce, G.W. X: 53. 

Pike, H. M. XIII: 77. 

Pinkard, F. W. V: 137. 

Pirani, R. V; 117. 

Planck, M. XIII: 303; XV: i. 
Platzmann, C. R. X: 165. 

Pldtze, E. X : 145. 

Pohl, R. IX: n; X: 253; 
XII: 99. 


P6Unyi, M. 1 : 6 ; VII: 137 ; 

VIII: 128, 130, 131, 132; 
XIII: 247. 

Polowzow, V. X: 178. 

Poltz, H. XIII: 136. 

Ponte, M. VII; 26. 

Poole, H. C. XII: xog. 

Popow, S. XVII: 172. 

Popper, E, XII: 29. 

Porger, J. V : 24. 

Porter, A. W. VIII: 123. 

Porter, C. W. XIII: 194. 

Porter, Mary W. XII; 27. 
Posnjak, E. V; 29, 87, 88, 109, 
167. 

Powell, H.M. VI: 2. 

Powers, W. F. X: 47. 

Prasad, M. VI: 21, 74, 75, 76, 77. 
Preston, G. D. 1:8 ; III; 22 ; 

VIII: 14,47,53. 

Preston, G. H. V: 97, 137. 
Preston, J. M. XII: 76. 

Pretty, W.E. XVII: xi6. 

Prins, J. A. 1 : 19, 94. 

Prior, (Miss) A. M. X: 41. 
Prokofjew, W. XVII: 193. 
Prscheborowsky, J. X; 183. 
Puchalik, M. XIII: 197. 
Pummerer, R. VII; 100. 

Puschin, N. A. XII: 62, 63, 64. 
Putzer, A. X : 30. 

Pyle, W. R. X: 68. 

Quarlbs, G. G. XIII: 358. 
Quarrell, A. G. II: 41. 

Quatram, F. IV: 7. 

Raeder, M. G. VIII: 98. 

Ram, M. XVII: no, in, 121. 
Raman, C. V. VII: 81; XIII : 

359 , 360. 36L 373 » 391. 
Ramanadham, M. XIII: 374. 
Ramanathan, K. R. VII; Si • 
XIII; 372. 


liii 



LIST OF AUTHORS 


Ramaswamy, K. L. X: 20, 22 ; 
XIII: 294. 

Ramb, R. XVII: 181. 

Randall, J. T. VII: H, 3 ; App.: 

58- 

Rao. A, S, XVII: 51, 125, 147, 
148. 

Rao, B. V. R. XVII; 81. 151, 152, 
Rao, G. G. X; 20, 22 ; XIII: 
294 - 

Rao, K. K. XVII; 50, 51, 83, 94, 
123, 124. 

Rao, S. R. XIII: 360. 
Rasmussen, E. XVII: 57, 66, 

74, 86, 87. 

de Rassenfosse, A. V; 125. 

Ratz, F. X; 75, 83. 

Rau, M. A. G. X: 90 ; XIII : 

40, 2II. 

Rawlins, F. I, G. IX: 19, 23, 39 ; 

XIII: 316, 

K 4 y, f>. XII: 102. 

Rayleigh, Lord. XI: 2. 

Read, J. App.: 75. 

Regler, F. VIII: 156. 

Reiche, F. XIII: 16. 

Reindel, H. XII: 113. 

Reinganum, W. XIII: 2. 
Reinhardt, L. VI: 103. 

Reinicke, R. IX: 31. 

Reinicke, W. V: 48. 

Reis, A. VI: 31; IX: 4, 12; 

XII: 9; XIII: 306. 
Renniger, M. VIII: 248; App.: 

41. 

Ricard, R. XVII: 82, 92. 

Rice, O. K. XIV: 34. 

Richardson, L. B. XIII: 248. 
Richter, C. F. XVII: 18. 

Richter, H. App.: 99. 

Rieckhofi, H. X: 132. 
Riedberger, (Miss) A, VI: 47. 
Riedl, Else. XVI: 62, 69. 
Riegger, H. X: ii. 

Rinck, E. XI: 5« 


Ringdal, H. T. VIII; 185. 

Rinne, F. VII: 22, 35, 154. 

Ritz, W. XVI: 6,27. 

Roberts, H. S. Ill: 33. 
Robertson, H. P. X: 209 ; XVI : 
44. 

Robertson, J. M. VI: 62, 63, 72, 

85. 

Robertson, R. II: 22 ; XIII: 

324- 

Robinson, B. W. 1 : 5 ; App.: 90. 
Robinson, W. K. VIII: 77. 
Rodebush, W. H. XIII: 239; 

XIV : 32, 33. 

Rodgers, J. W. VIII: 50. 

Rogers, H. E. XIII; 54, 217. 
Rolinski, J. XIII: 243. 

Romer, G. H. VI: 6t, 78, 81 ; 
VIII: 230. 

Rontgen, W. C. X: 83. 

Rooksby, H. P. VII: 3. 

Rosbaud, P. V : 24 ; VII: 103 ; 
VIII: 177. 

Rosenhain, W. VIII: 19. 
Rosenhall, G. VIII: i68. 
Rosental, S. X: 59, 166. 
Rosenthal, A. H. XVII: 178. 
Ross, P. A. App.: 40. 

Rossi, A. II: 17 ; V : 37 ; VIII: 
72, 78, 

Roy, S. C. XIII: 227. 

Rubens, H. XIII: 303. 
de Rubies, S. P. XVII: 167. 
Rubinowcz, A. XVI: 23. 
Rudbeig, E. XVI: 34. 

Rudorf, G. X: 83. 

Ruedy, J. E. XVII: 131, 136, 
138. 

Ruff, O. VII: 2 ; XVIII: 35. 
Ruhemann, Barbara. Ill: 41. 
Ruhemann, M. U: 21. 

Rukop, H. X: 43. 

Rumm, H. X: 243. 

Rumpf, E. VI: 9; VIII: 184, 

186 . 


iiv 



LIST OF AUTHORS 


Rxmge, C. XVI: 26 ; XVII: 35. 
Rupp, E. XV ; 10, II. 

Russell, H. N. XVI: 39 ; XVII: 

6, 7> i3> 5S, 185- 

Rusterholz, A, A. App.: 64, 65, 

69, 112. 

Rydberg, J. R, XVI: 25, 171. 

Sachanov, A. X: 183. 

Sachs, G. VIII: 8. 10, 26, 112. 

145, 146, 150, 152, 154. 

Sack, H. X: 238 ; XT: 32 ; 

XIII: 62, 326. 

Saha, M. XVIII : t6 . 

SaTni, H. II: 9. 

Sakasaka, Y. VIII: 157. 

Sakurada, I. VII: 166 ; XIII: 246. 
Sambursky, S. XVII: 9. 

Samuel. R, XIII: 295 ; XVIII: 

24, 29. 

Samuiacas, D. VII: 56. 

Sanders, P. X : 15. 

Sandor, S. XIII: 147, 184, 187. 
Sanger, R. XIII: 9, 69. 

Sangewald, R. XIII: 98, lOi, 

176, 180, 191, 192. 

Santos, J. A. IV: 34. 

Sata,N. XIII: 272. 

Saunders, F. A, XVII : 6, 85. 

Sauter, E. VII: 159, 160, 161. 

Sauzin, M. X: 45. 

Sawyer, R. A. XVII: 72, 73. 

Schaefer, C. X: 181. 

Schaefer, H. X: 193. 

Schafer, K. App.: no, 114, 119. 
Schaller, D. XII: 38. 

Scharawsky, P. X: 266, 267. 

Scheffers, H. XIII; 23, 327. 

Scheiblcr, H. XVIII: 28. 

Scherillo, A. V: 51. 

Scherrer, M. X: 97. 

Scherrer, P. 1 : 9 ; III: 5; 

VII: ib, 12. 

Schersdiewer, J. M. XII: 94. 
Schiebold, F. I; 6. 

Iv 


Schiemann, G. XII: 61. 

Schiff, A. V: 71. 

Schjelderup, H. VIII: 181, 
Schleicher, A. XVI: 72. 

Schlundt, H. X: 181,182. 

Schmid, E. VIII: 32, 142. 

Schmid, W. E. VII: 97. 
Schmidt, B. 1 : 6. 

Schmidt, C. C. X: 133. 

Schmidt, G. VII: 2. 

Schneider, E. G. XVII; 85. 
Schneider, K. VI: 58, 84, 87. 
Schneider, W. VI: 31. 

Schober, H. VII: 159. 

Schoepfle, G. K. XVII: 80. 
Schonefeld, P. V: 126. 

Schopp, R. XI: 2. 

Schorrenberg, E. V: 77. 
Schotzky, K. F. VII: 152. 
Schramek, W. VII: 114. 
Schreiber, H. VIII: 203, 204. 
Schrodinger, E. XIV: 13; XVI: 
3 L 36. 

Schroter, H. XII: 106. 

Schulze, A. VII: 7. 

Schulze, G. E. R. V : 59. 
Schumann, Winifred O. X: 270. 
Schupp, P. X: 225. 

Schusterius, C. V: 56. 

Schiitz, W. XIII: 199. 

Schwarz, M. V. Ill: 43. 
Schweidler, E. XV: 13. 
Schweitzer, E. XVI: 56. 
Schwingel, C. H. X: 40, 100 ; 

XIII: 11,26. 

Scott, A. H. X: 242. 

Seemann, H. 1 : 9. 

S6f^rian, D. XVI: 85. 

Segr6, E. XVI: 46. 

Seith, W. XVI: 65. 

Seitz, W. X: 76. 

Sekito, S. II: 33; VIII: 28, 
107. 

Selisski. J. VIII: 155. 

Seljakow, N. VIII: 108,111. 



LIST OF AUTHORS 


Selman, J. VII: 70. 

Selwood, P. W. XII: 103. 

Sen Gupta, D, N. XIII: 65. 
Berber, R. XIII: 384; XVII; 27. 
Serres, (Miss) A. V : 10 r. 

Sevin, E. XV: 18. 

Shane, C. D. XVI: 19. 

Shaxby, J. H. VII: lo. 

Shenstone, A. G. XVII; 7, 185, 
189 ; XVIII: II. 

Sherman, J. V: 42 ; App.: 16; 
XIII: 297 ; XIV : 20 ; 

XVIII: 21. 

Shibata, Z. XII: 90, 96, 

Shinoda, G. II: 23. 

Sh ji, H. V: 184; VIII: 112. 
Shonka, J. J. App.: 52. 

Shoupp, W. E. XVII: 44, 78. 
Shrum, G. M. XVII: 191. 
Shuman, A. C. XIII: 386. 

Shutt, W. J. X : 194. 

Sidgwick, N. V. XIII : 30, 132, 
157, 240 ; XVIII: 25, 30. 
Siebel, G. VIII: 32. 

Silberstein, L. X : 103 ; XIII: 

346. 

Simon, F. Ill: 40,41. 

Simons, J. H. XIII: 333. 

Simson, Clara, V, III: 40. 

Sittig, L. IX: 12. 

Skinner, E. W. VII: 71, 77. 

Slack, F. G. XIII: 387. 

Slagle, F. B. VI : 41. 

Slama, A. X: 134. 

Slater, J. C. V: 49; XIV: 13, 
18; XVII: 4, 24, 175, 186; 
XVIII: 12. 

Slevogt, H. XVII; 140. 

Smale, F. J. X: 122. 

Smallwood, H. M. XIII: 41, 143, 
291. 

de Smedt, J. II: 13. 

Smekal, A. VIII: 233; XIV: 13. 
Smith, D. M. XVI: 64, 66, 

Smith, H.G. XVIII: 16. 


Smith, J. W. XI: 28 ; XIII: 88. 

145, 320, 330. 

Smith, K. O. X : 135. 

Smith, L. P, XVII: 37. 

Smith. R.W. XVI: 81. 

Smith, S. XVI: 39. 

Smithells, A. X : 42. 

Smyth, C. P. X : 37, 65, 69, loi, 
250; XI: 27; XII: 58, 
72; XIII: 24, 25, 39, 53. 
54. 57. 60. 71, 73. 74, 80, 84. 
85. 90, 93. 104. 109, 119, 127, 
152, 160, 183, 208, 217, 231, 
241, 292, 312, 318. 

Snoek, J. L, XIII: 37, xo8, 212, 
225. 

Soderqvist, J. XVII: 65, 84, 107, 
108. 

Solomon. D. VIII: 39, 103. 
van Someren, E. H. S. XVI: 73. 
Somrnerfeld, A. IX: 13 ; XVI; 
H, 3. 4. 18; XVII 14, 21, 
170; XVIII: 23. 

Sopwith, D. G. VIII: 138. 
Southworth, G. C. X: 46. 
Sowerby, A. L. M. XVII: 191. 
Spacu, G. XII: 29. 

Spaght. M. E. XIII: 334. 
Spangenberg, K. XI: 7 ; XII: 

19. 

Spangler, R. D. VII: 76. 
Speakman, J. C. VII: 146, 157. 
Spedding, F. H. XVI: 19. 

Spiers, F. W. VI: 106 ; App.: 85. 
Spielberger, F. V: 157, 164. 
Sponsler, O. L. IV : 27. 

Staub.H. VI: 30; VII: 12. 
Staub, W. X : 234. 
von Stackelberg, M. IV: 7, 8, 
28, 48 ; V: 31, 77, 83, 84 ; 
VIII: 106. 

Steam, A. E. XIII: 39. 

Steele. F. A. V: 140 ; IX: 34. 
Steiger. O. XII: 67 ; XIII: 325. 
Steinbring, E. F. XIII; 172. 


Ivi 



LIST OF AUTHORS 


von Steinwelir, H. VII: 7. 

Stell, O, XIII: 136. 

Stenbeck, S. VITI: 45. 

Stenzel, W. II: 15. 

Stephan, M. XII: 86. 

Stem, O. XIII; 17. 

Steulmann, G. X: 223. 

Stevenson, E. C. XIII: 356. 
Stewart, G. W. VII: 43, 59, 62, 
7L 72, 73 . 7 A, 7 ^>. ^ 5 . 93 - 
Stillwell, C. W. VII: 134 ; VIII: 

75 . 77 * 

Stimson, J. C. XIII: 279. 

Slips, H. X; 146. 

Stoecker, E. X: 262. 

Stoner, E. C. XV ; 14 ; XVIII : 1. 
Stoops, W. N. X: 101, 244 ; 

XIII: 24. 113. 

Stoves, J. L. XVIII; 13. 

Stowcll, E. Z. XVII: 154. 
Stranski, I. N. VIII: 173. 
Strasser, O. XIII: 136. 
Straumanis, M. VIII: 63. 

Street, A. VII: 142. 

Strock, L. W. Ill: 19 ; V : 146. 
Strunz, H. V : 156. 

Strutt, R. J. XIV: 14. 

Stuart, H. A. X; 8 ; XIII: 10, 
64. 142, 352, 353 . 354. 363. 
367, 368, 390, 

Stuart, N. II: 42, 44. 

Subbaraya, S. XVII; 93. 
Subbaraya, T. S. XVII: 105. 
Sugden, S. X: 71 ; XT : 29 ; 

XIII: 129. 

Summa, O. Ill: 43. 

von Susich, G. VII: 99, 106. 

Sutherland, G. B. B. M. XIII: 

314- 

Sutherland, W. XIII: i ; XIV: 

6 . 

Sutton, L. E. XIII: 56, 126, 132, 

185. 195. 299. 

Sutton, L. F, XIII: 157, 193 ; 

XVIII: 30. 


Sutton, T. C. VI: 98. 
wSvedberg, T. XIII: 265. 

Swann, W. F. G. XV: 21. 

Swings, P. XVII: 195. 

Series, (Miss) B. XVI: 36. 
Szegvari, A. X: 196. 
Szymanowski, W. T. X ; 70. 

Tabet, M. VIII: 167. 

Takamine, T. XVII: 196. 
Tammann, G. VIII: 22. 

Tanaka, S. VI : 36; VII : 77, 

78, 86, 90, 92. 

Tanaka, Y. VIII: 220. 

Tangl, K. X: 9. 

Tarschisch, L. IV : 31 ; VIII : 81. 
Tate, J. T. XVI: 34. 

Tausz, J. X : 243 ; XII : 104. 
Taylor, A. M. IX : 3 ; XIT : 97. 
Taylor, G. I. VIII : 127. 

Taylor. H. S. XIII: 278. 

Taylor, L. B. XVI: 19. 

Taylor, N. W. V: 41 ; VIII : 74. 
Taylor. T. W. J. XIII : 193. 195 - 
Taylor, W. H. V: 104, r56, 163. 
Teal, G. K. XVI: 10. 

Terrey, H. VIII : 212. 

Theilacker, W. VI : 23 ; XIII : 

313. 

Thewlis, J. V: 34. 

Thibaud, J. VI: 43 ; VII: 79. 
Thomas, E. N. M. VII ; 135. 
Thomas, L, H. App.: 6; XVII: 
28. 

Thomas, S. B. X : 251. 

Thomas. W. XIII: 132. 
Thomassen, L. Ill: 23, 24, 25 ; 
IX: 36. 

Thomson, G. P. II: 19, 42, 44 ; 
XV: II. 

Thomson, J.J. X: 173; XIII : 3, 
139. 

Tieri, L. XIII: 393. 

Tiganik, L. XIII: 150, 164. 

Titoff, A. XIII: 248. 


Ivii 



LIST OF AUTHORS 


Titow, A. T, IV : 31. 

Tittus, H. VIII: 174. 

Todd. F. C. VI; 51. 

Tolansky, S. XVII: 112,122. 
Tolman, R. C. XVI: 44. 
la Tour, F. D. VI: 28, 43, 44, 47. 
Traube, J. VIII: 234, 235. 
Travers, M. W. XIII: 248. 
Travnicek, M. VIII: l86. 
Trawick, M. W. XVII; 103. 
Trendelenburg, F. II : 26 ; VII: 27. 
Trich6, H. XVI: 68. 

Trillat, J. J. VII: 8, 79, 80, 102, 
119, 121, 123, 126, 129. 
Trivelli, A. P. H. VIII: 191. 
Trogus, C. VII: 108, 110, 116, 120, 
122, 124, 126, 128, 
Tschudnowski, Maria, XIII: 149, 

179- 

Tsuji. A. VI: 36; VII: 77, 78, 
86, 90, 92. 

Tubin, R. V : 19. 

Turner, A. H. VIII: 197. 

Turner, L. A. XVII: 7. 

Tutton, A. E, H. I: i, 82 ; VIII : 
188. 

Tutschkewitsch. W, M. X : 268. 
Tuwim, L. XV : 12. 

Twyman, F. XVI: 60, 

Ufford, C. W. XVII: 155. 
Uhlenbeck, G. E. XIII : 342; 

XVII: 4. 

Uhlig, H. H. X : 38 ; XIII: 341. 
Ulich, H, X: 57, 129; XIII: 

186, 328, 332, 337. 

Undheim, B. XVII: 36. 

Unsdld, A. XIV: 35; XVI: 
II, 18, 21, 36. 

Urey, H. C. XVI: 9, 10 ; XVII: 5, 
vanUrk,A.T. XVI: 31. 

Uspenski, N. VIII: 135. 

Valet, M. X: 206. 

Vance, B.B. XVII: 64. 


Vegard, L, II: 36 ; III: 32, 42 ; 
IV : 4, 41 ; V : 2, 69 ; VIII: 
18, 181, 187. 

Verweel, H. J. IV : 47. 

Vestine, E. H. XVII : 126. 
Vlassopoulos, V. X: 191. 
van Vleck, J. H. XI: 21 ; XVI: 

37 ; XVII: 26, 47. 

Voges, F. VIII: 208. 

Volkert, G. XIII: 204. 
Volkmann, H. XIII: 353, 367, 

368. 

Vorlander, D. VII: 29, 31, 36, 

37; XIII: 302. 

Voss, H. X : 31. 
de Vries. J. XIV : 32. 

Wachsmuth, R. X : 73. 

Wagner, G. VI: 12; VIII: 171 ; 
IX: 22. 

Waibel, F. X : 12, 83 ; XVI: 79. 
Waldbauer, L. V : 33 ; XVI: 78. 
Walden, P. X; 79, 80, 129, 169, 
172, 175, 179, 180, 184; 

XIII: 141, 235. 

Waldmann, H. VII: 162. 
Walerstein, I. XVII: 56. 

Wall, C. N. XVI: 24. 

Waller, I. App.: 5, 24, 25, 37. 
Wallis, N. J. H. XIII: 201. 
WaUs, W. S. X : 69 ; XIII: 73. 

84, 85, 90, 109, 152, 183, 208. 
Walther, A. X: 263. 

Ward, H K. VJI: 87. 

Wardlaw, W. V: 137. 

Warren, B. App. : 35. 

Warren, B. E. II: 31 ; VII: 6, 
95 - 

Warren, E. V: 127. 

Warren. F.L. XIII : 48. 
Wasastjema, J. A. App.: 13; 
XII: 49. 

Watson, E.E. XVI : 34. 

Watson, H. E. X: 20. 22 ; XIII: 

294. 



LIST OF AUTHOKS 


Watson, W. W. XVI: 45. 
Weatherby, B. B. X: 29. 

Weber, H. H. XVII; 152. 

Weber, R. X : 139, 259. 

Weeks, E. J. XVIII; 33. 

Weerts, J. II: 15; VIII: jo, 

63. t5o, 152. 

Wehage, K. XIII: 29. 

Wehrle, J. A. XIII; 222. 
Weichmann, R. X : 49, 

Weigei-t, F. XII : 12. 

Weigle, J. II: i6; V: 47; 

XIII: 36. 

Weigt, H. X: 6. 

von Weimam, P. P, VII: la. 

Weinbanm, S. V ; 86. 

Weiser, H. B. VII: 9- 
Weissberger, A. X : 100 ; XIII: 

11, 26, 98, 161, 176, 180, 

191, 192. 

Weissenberg, K. VII: 106; 

VIII: 128, 134; IX: 7; 

XIII: 52. 

Weisskopf, V. XIII: 262 ; XVI: 

51; XVII: 15. 

Wendekamm, K. XII: 57. 
Wendling, A. V. V : 160. 

Wentzel, G. XVI ; 29; XVII: 
174, 189, 

Wenzke, H. H. XII: 74 ; XIII: 

47, 86, 121, 135. 

Werner, C.O, VI: 19, 

Werner, O. X: 80, 129, 220; 

XIII; 31, 100, 141, 181. 
Werries, H. XVII: 162. 

Weryha, A. VIII: 42. 
Wessel,W. X: 3. 

West, C. D. Ill: 8; IV: 6; 

V : 22, 30, I2I ; VI: 50. 
West, J. I: 13; V: 28, 108; 
App.: 33 » 34 . 

Westgren, A. F. Ill: 21; IV: 

12, 29; VIII: 5, 6, 31, 36. 
45» 59. 67, 86, 87, 97. 

Weyl H. XVI: 44. 


Whiddington, R. XVI: 34. 
Whitaker, H. X : 42. 

White. A. H. X: 241. 

White, H.E. XVI: H. 39 ; XVII : 

17. 188: XVIII: 10. 41. 
White. T. N. VI : 91, 93 . 94 * 
Whitehouse, L. M. App.: 8. 
Whitehouse, W. J, IV : 10. 
Whitelaw, N. G. XVI: 37; 

XVII: 47. 

Whitford, A. E. XVII: 48. 
Whytlaw-Gray, R. XIII: 393 

XVIII: 34. 

Widmer, E. XII: 65. 

Wieland, O. II: 26. 

Wien, M. X : 143. 

Wiener, O. X: no. 

Wierl, R. VI: 96. 

Wiest, P. VIII: 12, 27, 160. 
Wigmer, E. XVIII: 9. 

Wilber, D. T. XVIII: 10. 

Wilde, R. X: 255. 

Wilhelm, J. O. X: 63. 

Williams. A. T. XVII: 34. 
Williams, E. J. VIII: 7. 

Williams, F J. App.: 115. 
Williams, J. H. App.: 61. 
Williams, J. W. X: 27, 93, 100, 
185, 208, 265, 272 ; XIII: II, 
26, 38, 51, 66, 76, 106, 156, 
230. 255. 

Williams, P. S. App.: 49, 54, 55, 
56. 

WilHams, R. C. XVI: 15. 

Willis, G. H. XIII: 171. 

Willott, W. H. Ill: 2; VIII: 37. 
Wilman, H. Ill: 18. 

Wilsey, R. B. VIII; 183. 

Wilson, C.J. XIII: 86.121. 
Wilson, C. T. R. XV : 8. 

Wilson, D. A. VI: 38. 

Wilson, E, B. X: 100; XII: 
72; XIII; II, 26, 74, 241; 
XVI: 32. 

Wilson, T. A. II: 35. 

Ilx 



LIST OF AUTHORS 


Wilson. W. XVI; 2. 

Wintsch. H. X : 227. 

von Wisniewski, F. J. XIII; 286. 

Witmer, E. E. XVIII: 9. 

WohUsch, E, XII: 6. 

Wohlwill, M. XIII: 21, 22. 

Wolf, A. X : 29. 

Wolf, K. L. XI: 8, 12 ; XII: 24. 
52; XIII : 91, 116, 141, 148, 
154, 190, 203, 352. 

Wolf, M. VI: 49. 

Wolf, P. X : 14. 

Wolfe, B. A. XVI: 81. 

Wolff, H. A. XIII: 55. 

Wolfke, M. XIII: 244, 245. 
Wolfram, F. XI: 17. 

Wolfsohn, G. XII: 107, 108, 118. 
Wollan, E. O. App.: 59, 93, 94, 95. 
Woo, Y. H. App.: iot, 102, 103, 
104, 106, 107, 108. 

Wood, J. H. XII: 73. 

Wood, R. G. App.: 9, 67. 

Wood, R. W. XVI: 83. 

Wood, W. A, VIII: 115, 147, 148, 
232, 

Woods, H. J. VII: 130, 143, 144, 
Wooster, Nora. V: 14, 15, 16, 20. 
Wooster, W. A. V : 15, 21. 
Wooster, W. O, V: 172. 

Wrede, E. XIII: 19. 

Wulff, P. XII: 38, 45, 50, 53, 114. 
WurstUn, F. VII: 54 ; VIII: 196. 
Wust, J. XII: 39, 113. 

Wyckoff, R. W. G. IV: 52; 
V : 138 ; VI: 5, 16, 17, 18 ; 
App.: 2, 48, 57, 86, 88, 

89. 

Wyman, J. X: 54, ii6, 158, 187. 


Yamaguchi, K, VIII: 139. 
Yardley, (Miss) K. 1 : 2. 
Yates, E. L. II: 3. 

Yohe, G. R. VI: 54. 
Yoshida, U. VII: 112. 
Yost, D. M. XIV: 29. 

Young, J. VI: 106. 

Yu, S. H. App.: 109. 

Yuasa, T. XVI: 49. 


Zachariasen. W. H. Ill : 27, 

34: V; 35, 38, 39, 57, 66, 

67, 68, 85, 89, 90, 95, 100, 
120, 141, 143, 166 ; VIT : 5 : 
IX: 29. 

Zahn, C. T. X : 7, 13, 39, loi, 102, 
271 ; XI: 23; XIII: 8, 

24, 68, 78, 87, 96, III, 124, 
220, 319. 

Zahn, H. X: 128, 130, 142. 
Zanstra, J. E. II: 18; V: 58, 
61, 63, III, 144. 

Zerlinsky, E. C. XIII: 99. 
Zernicke, F. VII: 94. 

Ziegler, G. E. V: 40, 90, 95, 100. 
van der Ziel, A. VI: 48. 

Ziengel, K. D. VII: 124. 
Zimmennann, L. IX: 12. 

Zintl, E. II: ii, 24 ; III: 7 ; 
IV: 5; V; 181 ; VIII: 
43 » 73 . 76. 79, 80, 100 : IX: 
30. 4 «- 

Zocher, H. VII: 20, 21, 51. 
Zolina, V. VII: 49. 

Zwicky, F. VIII: 236, 237, 238, 
240, 255, 256, 257 ; XVI: 44. 


lx 




SUBJECT INDEX 

f 1 to 25 : Part I \ 

Sections \ 26 to 47 : Part II V of Volume II 

^ 47 to 67: Part III ^ 

Notes ,—The niimbers refer to sections ; letters and further numbers indicate 

sub-sections. The section numbers are not repeated where more than one 
reference is made to the same section ; thus 33Ca, 33Cb is abbreviated to 
33Ca,b and 28B, 28GC to 28B,Gc. In general, the classification is not the 
same as that of the Table of Contents, which may be used for general reference 
to specific physical properties. The present index refers mainly to individual 
substances or types of substance, and to subjects which do not appear in the 
earlier Table. It is suggested that the two lists may be conveniently used in 
conjunction with each other. 


Acids, Molecular Refraction of . 

Additivity Law for crystals 
-of bonding energies ... 

-molecular polarization. 

-of solutions ... 

-refractions ... 

--Rule for dielectric constants 

Adsorbed substances on charcoal, structure of ... 
Adsorption, Magnus’theory of 

-of gases by solids 

Albumen, structure of 
Alcohols, normal, structure of 
Alcosols, stability of 

Alkali halides, changes of structure with pressure 

-crystal structure of 

-lattice energies of 

-refractions of, in solution . 

-refractivities of ... . 

-solubilities of, rule for. 

-sublimation heats of . 

-hydrides, refractions of . 

-metals, ground states of . 

-spectra of, comparison with hydrogen 

Alkaline earths, ground states of. 

Alkyl-substituted ammonium salts, crystal structure of 

Amalgams, crystal structure of .. 

Amines and related compounds, dipole moments of 
-molecular refraction of 

Ixi 


... 34C 

i8,22A 
46 
31 
37 

30A, 32, 34 
27B,E ; 28C 
... 16C 

41 

41 

... 15B 

... 16C 

27E 
.., 4 Ab 

... 4Aa,b 
... 30A 

... 35 Bb 

... 34A 

35A 
... 30A 

... 34A 

... 66B 

- 57 l> 

... 66C 


13A 

igBd 

38F 

34 ^ 

















SUBJECT INDEX 


Amino-acids, dielectric constants of . 

27Cb 

Ammonia, structure of 

... 7 , 42 H, 43 B 

Ammonium halides, crystal structure of . 

4Aa,b 

Amorphous carbon, structure of. 

3Bf,i5A 

Anatase, crystal structure of 

.' 5Ac 

Andalustie, crystal structure of . 

. II 

Anomalous dispersion 

27Ac,3iC 

Anthracene, crystal structure of. 

... ... 14AC 

Antimony, explosive," structure of 

. 15A 

Aqueous solutions, refractivities of 

. 34A 

-structure of 

.i6A,C 

Aragonite, crystal structure of 

. 8 

Asterism 

2iA,C 

Atomic linkages, assigned moments of 

.39Aa 

-polarization 

. 31B 

-radii of metals . 

. 18 

-ratios of ... 

. 25B 

-structure factors 

App. cap. IX 

-structures, as deduced from spectra 

. 65 

Axes of reference . 

iA,B 

Balata, Crystal Structure of . 

. 17A 

Balmer seres, theory of ... . 

. 54 

Barium sulphate particles, crystalline nature of 

. 15A 

Beutler’s new spectral type . 

.CzFd 

Benzene, dipole moment of 

.39AC 

-Kerr Effect of . 

. 43B 

-solid, crystal structure of 

.i4Aa 

-structure of . . 

. 16C 

Benzoic acid, crystal structure of 

.14Aa 

Beryl, crystal structure of . 

. 12 

Beryllium acetate, basic, crystal structure of 

. 13B 

Binary alloys, classification of 

. 18 

Biological substances, dielectric constants of . 

... 27Cb,E 

-structure of . 

. 17B 

Body-centred cubic lattices of elements. 

. jBb 

Boron group, ground states of . 

. 66D 

-nitride, crystal structure of ... 

. 4Ai 

Brass type, alloys of . 

.igBb 

Bravais unit cells . 

. lA 

Cadmium Chloride Type, Crystal Structure of 

5Am 

—— iodide type, crystal structure of . 

. SAf 

Calcite, crystal structure of . 

. 8 

Calcium carbide t5q>e, crystal structure of . 

. 5 Ak 

Ixii 





SUBJECT INDEX 


Carbon bisulphide, Kerr Effect of 



. 43A 

-dioxide, structure of. 



... 5Ab, 42E 

-group, ground states of 



. 66E 

-monoxide, structure of 



... 42B, 66G 

Carborundum, crystal structure of 



4Ae 

Cellobiose, crystal structure of 



. 17A 

Cellulose, crystal structure of . 



15A, 17A, 24D 

-derivatives of, structure of ... 



. 17B 

Centre of symmetry . 



. iB 

Cerium hydroxide sols, structure of 



. 15B 

Chitin, crystal structure of 



15A, 17B 

Cholesteric substances, structuie of 



. 15C 

Chondrodite series, crystal structure of ... 



... ... 12 

Chrysoberyl, crystal structure of ... 



. 8 

Cinnabar, crystal structure of . 



. 4 Ag 

Circular orbits, theory of ... 



.’ 54 

Clausius-Mosotti rule 



26, 29 

Coal, structure of 



. 17D 

Coefficient of magnetic interaction 



. 61B 

Collagen, structure of 



. 17C 

Colours of salts, deformation theory of ... 



. 35C 

Complex ion lattices. 



23,24C 

— silicates, crystal structure of 



. 12 

Compton Effect . 



. 48C 

Continuous atomic spectra ... 



. 54 

Contrapolarization ... 



34A, Dc 

Co-ordination compounds, crystal structure of 
-numbers of ions in crystals ... 


25 A.B; 

. 11 

33E; 34B; 35E 

Copper sols, nature of 



. 15B 

Correspondence principle. 



. 56 

Cotton, effect of mercerization on 



. 17B 

Cotton-Mouton Effect 



. 43E 

Cristobalite, /3-form, crystal structure of ... 



. 5 Ai 

Crystal forms . . 



. iD 

-structures, description of 



Above 6 

Crystals, classification of 



. 23 

-hardness of . 



. 25B 

Cuprite, crystal structure of . 



. 5 Ac 

Cyclohexane and derivatives, crystal structure of 


... i4Ad : 16C 

-dipole moments of 

... 


. 39 Ag 

Davisson and Germkr, Experiment of 



. 49 

Deformation and photoelectric conductivity 

... 


. 35C 

— of inert gas-like ions. 



33A; 34 A 3 ; 35Ba 


... 


32.35A 


hdii 
















SUBJECT INDEX 


Depolarization factors of gases ... . 

Deuterium 

-oxide, structure of 

Diamond-like lattices, crystal structure of 
Diatomic molecules, periodic classifications of ... 

Di-atoms . . 

Dibenzyl, crystal structure of . 

Diborane, crystal structure of 

Di-derivatives of benzene, dipole moments of ... 

Dielectric constant and electrical conductivity ... 

-changes of with pressure 

-temperature . 

-definition of 

-effect of applied fields on 

-for static fields . 

-constants of gases . 

-changes of from liquid to solid state 

-effects of changes of frequency on 

-of solvents and ionizing capacity 

-losses 

Dielectrics, nature of . 

Dielectrogene groups 

Dielectrophore groups . 

Diphenyl, crystal structure of . 

-dipole moment of 

Dipole distance 

-moment, definition of ... 

-variation of with temperature 

Dispersion of light, relation to refraction 

Doppler Effect of spectral lines . 

Dulcitol, crystal structure of . 

Durene, crystal structure of 


3 Bd 


43A; 46 
54 

... 16A 

8 ; 23 ; 24B 
67 
67 

... i4Ab 
... II 
39Acii 
... zyDb 
26; 27AC 
26; 27B 
... 26 

26; 27AC 
26 

... 26 

... 28B 

... 27AC 
... zyDb 
27AC ; 28D 
... 26 

... 27Ab 
... 27Ab 
... i4Ab 
39Aciii 
... 30C 

20 ; 36 
38C, E 
••• 35 l> 

... 57 Fa 
... i3Fb 
... 14 Aa 


Effective Nuclear Charge 
Electric field, strength of, definition of 

-moment, definition of 

Electromagnetic radiation, types of 

Electron diffraction. 

-polarization . 

-spin . 

Electrostiiction . 

Elliptic orbits . 

Enhanced spectra . 

Equivalent electrons . 

Erucic add, crystal structure of ... 


57A 

26 

29 ; 36 

50 

49 

3rA 

58 

43 l> 

55 

57E 

64BC 

iSFdi 



















SUBJECT INDEX 


Esters, molecular refraction of ... ... ... ... ... ... 34C 

Ethane and derivatives, crystal structure of . 13D 

Ethylene dichloride, variation of dipole moment of with temperature 38C 
Ethyl ether, structure of ... ... ... ... ... ... ... 16C 

Exclusion principle. 64 

Extcn.sion of fibres, effect of ... ... ... ... ... 17B,C 

Face-Centred Cubic Lattices of Elements. 3Ba 

Fatty acids and derivatives, dipole moments of . 38E 

-salts, crystal structure of ... ... ... ... 13FC 

-■— normal monobasic, structure of . 16C 

Feather keratin, structure of ... ... ... ... ... ... 17C 

Felspars, crystal structure of ... ... ... ... ... ... 12 

Fine structure constant in line spectra ... ... ... ... ... 54,55 

Fluorene and derivatives, dipole moments of .39Ag 

Fluorescent effect. 48B 

Fluorine group, ground states of ... ... ... ... ... ... 66H 

Fluorspar type, crystal structure of ... ... ... ... ... 5Aa 

Forbidden transitions in spectra ... ... ... ... ... ... 62FC 

Free gas ions, refractions of ... ... ... ... ... ... 34A 

Frequency of waves and polarization, relation between ... ... 31C 


Gallium, Liquid, Structure of. 16B 

Garnet, crystal structure of ... ... ... ... ... ... 12 

Gelatin, structure of . . 17C 

Gels, dielectric constants of ... ... ... ... ... ... 27E 

Geometrical isomerides, dielectric constants of ... 27Ab; 34C; 36C; 38C 

-dipole moments of . . 39Acii 

Glasses, crystal structure of ... ... ... ... ... ... 15A 

Glycols, dipole moments of . 38D 

Gold, colloidal, structure of . . T5B 

Graphite, crystal structure of ... ... ... ... ... ... 3Bf 

Group moments in organic compounds, assigned values of ... 39Aa,cii 


Hafnium, Discovery of. 

Hair, crystal structure of ... 

Halogenated benzenes, dipole moments of 

-hydrocarbons, dipole moments of ... 

-organic liquids, polarization of . 

Halogens and inorganic halides, structures of 
Heats of solution of salts, relation to solubilities of 
Heitler-London theory of homopolar union 
Heusler alloys, crystal structure of 

Hexagonal close-packed elements. 

Hexamethylbenzene, crystal structure of 


... 22Ba 
15A; 17C 
... 38C 

... 38C 

40A 
... 42K 

... 35A 

66 

... i9Ba 
3Bc 
i4Aa; 16C 


Ixv 
























SUBJECT INDEX 


Hexamethylbenzene, dipole moment of. 

39Aciii 

Holohedral symmetry . 

. iB 

Homologous series, alternation in properties of 

i3Fa,ciii; 38E 

Homopolar halides, molecular refractions of . 

33B.D 

-molecules, Kerr Effect of 

. 43B 

-union, theory of . 

. 66 

Honeycomb lattices . 

... 23 , 24 B 

Hydrazine hydrochloride, crystal structure of . 

. 12 

Hydride groups, refractions of . 

34 Db ; 35Ba 

Hydrides, crystal structure of 

... 4B; 2oD 

Hydrocarbons, dipole moments of 

. 38A 

Hydrogen chloride, solid, structure of . 

. 24D 

-halides, dipole constants of 

34Db ; 42A 

-Kerr Effect of. 

. 43B 

-molecular refractions of . 

.35Ba 

-polarizabilities of 

. 42A 

-peroxide, structure of 

... ... 42C 

-* position of in periodic classification 

65 ; 66B 

-sulphide, structure of . 

42D; 43B 

Hume-Rothery rule for intermetallic compounds 

. ipBc 

Hund’s rules for derivation of spectral ground terms ... 

... ... 64BC 

Hyberbolic electron orbits . 

... ’ ... 54 

Ice, Crystal Structure of . 

. 5 Aj 

Induced moment, definition of ... ... . 

. 29 

Inductive effects in organic chains 

38C,D,F 

Inert gases, ground states of . 

. 66A 

-polarizabilities of . 

. 30A 

Infra-red characteristic frequencies of crystals ... 

. 24C 

Inner molecular potential . 

. 31C 

Insulin, structure of . 

. 17C 

Intensity rules for spectral lines ... 

... ... 59 A,C 

Interaction between spin and orbital angular momentum 

60 ; 61B ; 63 

-two dipoles 

. 45 

Intermetallic compounds, classification of . 

. 19G 

-crystal structures of ... . 

5AI; 18; 19 

Interstitial alloys . 

.,.18 ; 19D ; 20 

Interval rule for spectra (Landd). 

. 6xB 

Intrinsic repulsive fields . 

. 44 

Inverted spectral terms . 

.62Fb 

Ionic conduction, nature of in solids 

. 27D 

-crystals, structures of . 

23; 24C 

——deformabilities . 

. 25C 

-polarizabilities . 

30A; 33E; 34 

--radii in crystals . 

.. 25B 


Ixvi 



SUBJECT INDEX 


Ionized helium, theory of spectrum of .. ... .. 54 

Ions, distribution of charge in . 24C 

Iron nitrides, crystal structure of ... ... ... ... ... 20C 

-pyrites type, crystal structure of . 5Ab 

-sols, nature of ... ... ... ... ... ... ... 15B 

Tsoelectronic groups ... ... ... ... ... ... 57E ; 62 

Isomorphism and crystal structure . 25B 

Isopentane, structure of ... ... ... ... ... ... ... 16C 

Keratins, Effect of Stretching on . 17C 

Kerr Effect, LangevimBorn theory of ... ... ... ... ... 43A 

Kyanite, crystal structure of ... ... ... ... ... ... ii 

LANDfe'S INTF.RVAL RuLE. 6lB 

Larmor precession ... ... ... ... ... ... ... ... 63 

Lattice distances of silver salts ... ... ... ... ... ... 33C 

-energies of crystals and compressibilities ... ... ... ... 46 

---silver salts ... ... ... ... ... 33C; 35A 

-points. IA 

Law of linear additivity ... . 18; 22A ; 27B 

Layer lattices . .3Bf; 5Af,g; 7; 23; 24C,D 

Lineage structure of crystals ... ... ... ... App. to chap. VIII 

I. inkagcs in crystals, kinds of ... ... ... ... ... ... 23 

Link moments in organic compounds ... ... ... ... ... 39Aa 

Lithium hydroxide, crystal structure of ... . ... ... 4Ah 

-spectrum, analysis of ... ... ... ... ... ... ... 57B 

-perchlorate, dipole moment of . 42L 

Liquefied gases, dielectric constants of ... ... ... ... ... 27Aa 

Liquid crystals, behaviour of in applied fields ... ... ... 15D ; 27F 

-crystal structures of corresponding solids ... ... ... 15D 

-structure of ... ... ... ... ... i5C,D ; 27F 

-swarm ” theory of . ... . 15D ; 27F 

Liquid mixtures, Kerr Efiect of . ... . 43C 

-polarization of. 37 ; 40B 

-structure of ... ... ... ... ... ... ... 16C 

Liquids, cybotactic theory of . 15D ; 16C 

-dielectric constants of ... ... ... ... ... ... 27Ab 

-Kerr Effect of . 43C 

Long-spacings of organic molecules . 13F ; 14A ; 17 

Loosening effect on refraction of ions ... ..34A ; 35Bb 

Lorenz-I^rentz relation ... ... ... ... ... ... ... 26 

Magnetic Fields, Influence of on Spectral Lines . 63 

-interaction energy . 61B 

-levels, numbers of . ... 64C 

Magnetite, crystal structure of . .. 10 


T 


Jxvii 








SUBJECT INDEX 


Mennitol, crystal structure of . 

Many-sided deformation of ions. 

Mauguin notation for crystals . 

Maxwell's rule . 

Mercury diphenyl, dipole moment of . 

Mesitylene, structure of 
Metal wires, stretching of ... 

Metallic crystals ... 

Metals, effect of torsion on . 

Metastable electron state ... 

Methylbixin, crystal structure of. 

Methane and derivatives, dipole moments of 

-solid, crystal structure of 

Miller indices 

Millerite, crystal striicture of 

Molecular crystals, structure of . 

-fields, methods of treatment of 

-polarization, definition of 

-rays, method of measurement of dipole moments by 

-refraction, definition of 

---of crystals 

Molybdenite, crystal structure of ... 

Molybdenum silicidc, crystal structure of . 

Mosaic structure of crystals 
Muscle, structure of 


.i3Fb 

32 ; 34A 

. iB 

29; 3oA,C 

. 39Af 

. 16C 

... ... 2IA 

23; 24A 

. 21A 

. 57 l> 

17D 

• •• 38A ; 39Ab 
. 13B 

. iC 

. 4 Aj 

23; 24D 

44 

26; 29 

. 3 (^ 1 ) 

26 

. 24C 

. 5 Ag 

. 5Ak 

App. to chap. VIII 
... 15A ; 17C 


Naphthalene and Derivatives, Crystal Structure of . 14AC 

-dipole moments of ... ... ... ... ... 39Ad 

Negative ionization potentials ... ... ... ... ... ... 62Fa 

Nematic substances, structure of. 15C 

Net planes ... ... ... ... ... ... ... ... ... lE 

Neutralized spins of electrons, theory of ... ... ... ... 66 

New quantum mechanics ... ... ... ... ... ... 47; 58; 60 

Nickel arsenide type, crystal structure of ... ... ... ... 4Af 

Nitrobenzene, crystal structure of ... ... .i4Aa 

-Kerr Effect of . 43C 

Nitrocellulose and derivatives, structure of . ... ... 17B 

Nitrogen group, ground states of. 66F 

-oxides, structure of ... ... ... ... ... ... ... 42F 

Noble metals, ground states of . 66B 

Non-penetrating orbits ... . ... ... ... 57D,E 


Octane, Structure OF . 16C 

Oils, dipole moments of . 38G 

One-sided deformation of ions . ... 

Ixviii 




SUBJJICT iNDE^t 


Orbital precession ... 

Organic liquids, dielectric constants of ... 

Optical anisotropy of gases 

-spectra, types of 

Orientation polarization . 

Orthohelium . 

Oun, the . 

Oxygenated anions, refractions of . 

Oxygen group, ground states of ... 

Palladium Hydrides, Crystal Structure of 
Paracrystalline substances 
Paraffins, normal liquid, .structure of 

-molecular refraction of ... 

Parametral planes. 

Paschen-Back Effect 
Pauli’s exclusion principle ... 

Pearls, natural and artificial, structure of 
Penetrating orbits ... 

Pentaerythritol and derivatives, dipole moments of 
-crystal structure of 

Pepsin, structure of... . 

Periodic classification of diatomic molecules 

-elements 

Perowskite, crystal structure of ... 

Phosphine molecule, structure of ... 

Phosphonium iodide, crystal structure of 
Phosphorescence, effect of light on 
Photoelectric effect ... 

Photons, theory of ... 

Picric acid, crystal structure of 
Piezo-electric phenomena in crystals 

Planck’s quantum theory. 

Planes of S3rmmetry 
Point-groups... 

Polarizability, definition of 

Polarization and molecular volume, relation between 

-temperature, relations between 

—— influence of change of state on 

-of solute, influence of solvent on 

Polar molecules, theory of . 

Polyoxymethylenes, structure of. 

Power losses . 

Primitive translation of unit cells. 

Proton addition, effect of on refractions. 

Ixix 


. 55 

... zyAb 
43A; 46 

. 52 

. 31C 

. 62B 

. 61B 

. 34 l>a 

. 66G 

... ... 20D 

16C ; 17A 

. 16C 

. 34C 

. lE 

63; 64 A 

. 64 

. 15A 

57D,E; 61B 

. 38B 

. 13B 

. 17C 

. b 7 

... 63 ; 64 ; 65 

. 8 

. 42J 

4 Ah 

. 28B 

. 48A 

. 48 

... i4Aa 
24C 

. 48 

. iB 

. iB 

. 29 

. 30B 

26 ; 30C ; 36A 
. 40A 

. 37B 

26; 30 

. 17D 

.27AC 

. lE 

.35Ba 







SUBJECT INDEX 


Pyroelectric phenomena in crystals 

Pyrrole and related compounds, dipole moments of 


24C 

39 Bb 


Quadrupoles . 

Quantum defect 
Quantum mechanics new ... 
Quantum numbers, azimuthal 
-inner 

-magnetic. 

-orbital ... . 

-magnetic ... 

-principal ... 

-radial 

-serial 

-spin 

-magnetic ... 

Quartz /3-form, crystal structure of 
Quinol, /3-form, crystal structure of 


. 45 

. 57A,C,D,E 

47 ; 5S ; 60 

55: 57C; 60 

58; 60 ; 63 ; 64A 

. 63 

57C; 58; 60 

. 63 ; 64 

••• 54 : 57B ; 63 ; 64 

. 55 

57C ; 58 ; 60 ; 63 ; 64A 

. 58 ; 64A 

. 63 ; 64 

. 5Ah 

.i4Aa 


Kadical-ion Lattices . 

Raies ultimes 
Raman effect 

Rare earths, ground states of . 

Reference planes 
Regular doublet law 

Relativity explanation of fine structure of spectra 

Kelaxion times 

Repulsive fields, origin of ... 

Rotating crystal method for crystal structure .,. 

Rubber, crystal structure of . 

Rus.sell-Saunders coupling ... 

Rutile type, crystal structure of. 

Rydberg constants, derivation of 


23; 24C 

. 57B 

. 48D 

62E ; 65 

.iA,C 

. 61B 

55; bo 

27AC ; 31C 

. 45 

2 

. lyA 

58; 61A; 64B 

. 5Ad 

. 54 


SCHOENFLIES NOTATION FOR CRYSTALS . 

Secondary structure of crystals ... . 

Selection rules for quantum numbers . 

Self-consistent fields . 

Semi-polar bonds, effects of in molecular association 

-molecular refractions of . 

-polarity of 

Shielding constants . 

Side-spacings of organic molecules . 

Silica gel, crystal structure of . 

Silicate lattices, structure of . 


. iB 

... App. to chap. VIII 
5b ; 59A ; 62FC; 63 

. 57 l> 

. 40C 

. 34C 

27Ab; 39Acii 

. 57A; 61B 

. 13B 

. 15A 

. 23 ; 24B 


Ixx 





SUBJECT INDEX 


Silk, structure of . 


15A; 17C 

Sillimanite, crystal structure of 


. II 

Silver, colloidal, crystal structure of 


. 15B 

-—perchlorate, dipole moment of 


42L 

Simultaneous transitions of electrons 


. 59B 

Sizes of disperse particles. 


. 27E 

Smectic substances, structure of ... 


. 15C 

Sodium nitrate, crystal structure of 


. 8 

Solid salts, refractivities of 


. 34A 

-solutions of inorganic salts ... 


22A 

-metals . 


. 18 

Solubility of salts, Fajans’ theory of 


. 35A 

-rule for alkali halides ... 


. 35A 

Solution, effect of on dielectric constant 


2 7Ca,b 

Solvent influence on dipole moments of solutes ... 


37I) ; sgAci 

Space-groups 


. iC 

-lattice ... 


lA 

Specific polarization, definition of ... 


. 29 

-refraction, definition ol 


. 29 

Spectral terms, specification of 


. 58 

Spectra of gases, effect of foreign admixture on 


. 571^"^ 

-pressure on . 


. 57FC 

-origin of . 


. 53 

Spectroscopic chemical analysis . 


. 57O 

-energy terms, derivation of. 


. 64B 

Spinel type, crystal structure of ... 


.8 ; 10 

Spin-orbit interaction theory of spectral fine structure 


60 ; 61B ; 63 

Splitting factor in spectra ... 


. 63 

Stabilized orbits, Bohr's theory of 


53 ; 54 

Stabilizing effect on refraction of ions 


34A ; 35Ba,b 

Stannic oxide, crystal structure of 


. 8 

Stark Effect. . 


. 57 Fd 

Steel, crystal structure of ... 


. 20B 

Steric hindrance 


. 39 Ad 

Sugars and derivatives, crystal structure of 


I4B 

Sulphur, liquid, structure of . 


16B 

-" plastic," structure of . 


. 15A 

-rhombic, crystal structure of 


. 3 C 

-dioxide, structure of molecule of 


42 G ; 43B 

Sulphuric acid, molecular refraction of . 


.35Ba 

Superlattices.. . 

... 

. 19A 

Temperature, Influence of on Molecular Refraction 

35Bb,E 

-radiation, theory of. 

... 

. 51 

Term separations, formulae for . 

... 

. 61B 


Ixxi 





















SUBJECT INDEX 


Term separations, rule for . 

Thianthrene and related compounds, dipole moments of 
Titanium dioxide, hydrous, structure of ... 

Topaz, crystal structure of 

Triad groups, ground states of . 

Tricalcium aluminate, crystal structure of 
Tridymite, j8-form, crystal structure of ... 


6iB 

39 Ba 

t 5 A 

12 

66J 

12 

5 Aj 


Ultramarine, Crystal Structure of ... 
Unit cells . 


12 

lE 


Valency and Spectral Multiplicity. 

-the Periodic Classification 

-angles of alcohols and related compounds ... 

-ethers and sulphides 

-substituted phenols . 

-angle of water molecule 

Vanadic pentoxide sols, structure of 

van der Waals fields . 

--theory of origin of. 

Vaterite, crystal structure of . 

Vector addition rule . 

Verbot of Pauli . 

Viscosity of gases, variation with temperature of 


6iA 

66 

... 38U 

... 39Ad 
39Acii 
42C 
8 

44; 46 

45 

8 

58 ; 61A 
... 64 

... 46 


Water, Dielectric Constant of 

-structure of .. 

Wood varieties, structure of 
Wool, structure of ,.. 

Wurtzite type, crystal structure of 
Wyckoff's notation for crystals 


... 27 Aa 
16A ; 42C 
17B 
... 17C 

... 4Ad 
iB 


X«Rays, Methods of Determining Crystal Structures by Use 
OF . 

-uses of...15A ; 


2 

2 2D 


Zeeman Effect . 

Zeolites, crystal structure of 
Zero dipole moment, cases of 
Zinc Blende type, crystal structure of 
Zwitterions. 


63 

12 

42L 

4AC 

27 Cb 


Ixxii 






PKINTED IN GREAT BRITAIN BY 
MACKAYS IJMITED, CHATHAM 



DATfc OF ISSUE 

h ><»U jnui^t 

within :J, 7 . 14 *iayii of it.H issuo- A 
filk* of OSE ANNA per will 
h« charged il the book in oviWibm 



POST GRADUATE STUDENTS 

3 DAYS ONLY 


Physic* 



